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ABSTRACT: The work presents the results of a
study of sporadic ionization zones associated
with aurora and ultralow frequency radio emis-
sion in the auroral zowne. The work has two
parts. Each part begins with a short summary.
The first part suggests a physical model of the
ray arc of aurorae. Further, on the basis of
parameters calculated according to that model
the study of conditions of origination of dif-
fusion quasineutral waves in the auroral plasma
i8 ecarried out. These waves are assumed to
cause the diffusion of the ultrashort wave sig-
nals. The radar equipment is described which
was used to observe radio reflections from the
zones of sporadic ionization in 1964-1965 in
Yakutsk. Major results of these observations
are given. The second part describes the equip-
ment which carried out observations of continu-
ous ultrashort emission in 1962-1965 in the Tik-
si Bay region. A classification is givem of an
ultrashort emission, as well as the desecription
of the connection between each type of emission
and other geophysical phenomena. The work also
provides an evaluation of the energy flow of the
ultralow frequency in several frequency bands
and gives suggestions about the nature of iso-
lated sound bursts,
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PREFACE

Aurorae are possibly the brightest manifestation of solar cor-
puscular activity. Carried by intrusions of fast electrons into
relatively dense layers of the Earth's atmosphere, they are to a
certain degree an extreme case of the ilonospheric state in which
the action of secondary corpuscular agents is especially prominent.
Here it is not difficult to separate a small number of basic factors
determining the overall pattern of the phenomenon, which in turn al-
lows considering the problems connected with the conditions in auro-
rae in an arrangement near the conditions of laboratory physics.
This circumstance and also the genetic connection with other phenom-
ena of the ionospheric-magnetic complex permit us to explain the
growing interest which geophysicists have shown toward the problem
of aurorae since the time of Shtermer.

Methodologically the entire problem may be arbitrarily divided
into three areas which, at the present time, may still exist rather
independently.

(1) The nature of auroral electrons; the mechanism of the
transmission of energy from the solar wind to active electrons of
the magnetosphere; processes of interaction of various types of
electromagnetic emission with fast electrons of the magnetosphere.

(2) Physical conditions in the aurorae; the balance of ioni-
zation, energy and matter in the region of the aurorae; investiga~
tion of chemical reactions and processes of excitation; radiation
of ionospheric current systems in the auroral zone.

(3) Morphology, dynamics and space-time regularities.

This study was completed in the spirit of the second area of
study, where the question of the nature of fast electrons or of
ionospheric electromotive force does not appear, but the physical
characteristics of these agents are assumed to be known from exper-
iments. Thus we comnsidered as a basic problem the establishment of
connections between known parameters of the electron stream and enmf
on the one hand, and several observable characteristics of the auro-
ral ilonosphere on the other, as well as the communication of new
facts and discussion of methodological and technical questions.

In fact, this problem was solved only within the limits of
those extremely modest resources which made a group of radiophysi-
cal methods available to the Auroral Laboratory of the Institute of
Cosmophysical Studies and Aeronomia of the Yakutsk Branch of the



Siberian Department of the Academy of Sciences USSR [1].
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I. STUDY OF AURORAL IONIZATION WITH RADAR METHODS
Equipment and Observation Methods

Investigations of the regiomns of auroral ionization began in
1947. There are two methods of active radiosonde auroral inhomoge-
neities. In the first method the radar principle is used; the sig-
nal is emitted by a pulse transmitter in the form of a short mes-
sage, and it 1s picked up by a receiver which is usually on the same
antenna. This method is called one-position or radar (R-method).
The other method is based on reception of a scattered signal from a
transmitting station by one or several receivers, located a certain
distance from the transmitting station. This method is called the
two- (or multi-) position or the corresponding method (C-method).
Both methods have their advantages and disadvantages and supplement
each other well, which is visually apparent from the following com-
parative table.

DISADVANTAGES
ADVANTAGES OF THE R-METHOD OF THE C-METHOD
Possibility of accurate posi- Impossibility of accurate posi-
tion determination of reflec- tion determination of reflection
tion regions regions
Possibility of performing cir- Impossibility of performing cir-
cular scanning cular scanning
Relatively great freedom from Relatively small freedom from in-
interference terference
Simple organization of obser- Complicated organization of ob-
vations servations
High operativity Lower operativity than the R-
method

DISADVANTAGES

OF THE R-METHOD ADVANTAGES OF THE C-METHOD
Great difficulty in investi- Possibility of detailed investi-
gating high-frequency signal gation of fadings
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fading (for frequencies above High sensitivity obtainable

Fhe repetition frequencies) Ayrangement of the experiment in

Lower sensitivity attainable, a form closer to radio communica-
all other conditions being tion practice than by the R-
equal method

Difficulty of sounding at sev- Possibility of utilizing the op~
eral frequencies eration of broadcast and depart-

mental stations

From the given comparison it is apparent that in setting up ex-
periments for studying auroral ionization it is necessary to apply
both methods simultaneously, especially considering the phenomena of
radio wave scattering from different sides, since forward scattering
and backscattering, although related, are actually different phenom-
ena.

Figures 1 and 2 present generalized block-diagrams typical of
the R- and C-methods.

Let us give a short characterization of several typical exper-
imental problems.

(1) The investigation of the time distribution of scattered
signal amplitudes (frequency of the appearance of reflections) may
be performed by means of both methods. The usual observation sys- /8
tem is as follows: the transmitting station or radar operate in
definite cycles, switching on the transmitter every 5 or 15 minutes,
or continuously (around-the-clock or at definite hours of the day).
The fact of the appearance of the signal is fixed, and sometimes
even its amplitude is set on a conventional scale: for example, re-
flections with a signal-to-noise ratio (1.5-3) are evaluated as Num-
ber 1, a ratio (3-10) as Number 2 and higher as Number 3. Then the
cases of signal appearance (or a definite number of reflections) are
added according to the hours of the day for various seasons of the
year. TFor example, such a type of data analysis may be found in

[2].

(2) The investigation of the space distribution of reflections
is easily performed by radar with a rotating antenna having a plan
position indicator (PPI).. Analysis is carried out on the basis of
photographs with regard to the resclving power of the radar equip-
ment in distance and azimuth. An example of such an analysis may
be found in [3]. If the radar has a split radiation pattern in the
vertical plane and is provided with a goniometer, then it is also
possible to experimentally determine the position angle of a reflec-
ting object and then, at a certain distance, to find its altitude.
The accuracy of these measurements, for example for a P-8 radar
station with signal amplitudes greater than 5 (on the signal-to-
noise scale), may be reduced to 5% if the ODS-type reflection is
sufficiently quiet. An example of similar measurements may be found
in [u].
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(3)
using both methods.

1.
ment for Radar Study of Auroral

Fig. Block-Diagram of Equip-

Ant. An-
HFS - High-Frequency

R Receiver; T Trans-
I - Amplitude-Range In-
dicator; PPI Plan Position In-
dicator; S Selector; MO Mas -
ter Oscillator; AT Artificial

Ionization Regions. -
tennas
Switch;

mitter;

Target; FLR -~ Field Level Recor-
der; SSG - Standard-Signal Gen-
erator.

ed autocorrelation function into t

correlation method allows us to investigate fading even with

f ]
AT H{ M Mo ] [ssrfatd
AT
Tro|~[FLR—{SSR|—{2 s |

2.

Fig. Block-Diagram of the Two-
Position Equipment for Radiosonde
Observation of Auroral Ionigzation
Regions (C-Method). Ant. (Tr., R.)
- Transmitting and Receiving An-
tennas; M Modulator; SSR - Syn-
chronized Signal Receiver; Ant.
SSR - Antenna for Synchronized
Signal Receiver; Remaining Abbre-
viations Same As in Figure 1.

the same area of the radio reflecting regions.

The amplitudes of the scattered signal may be measured
With the R-method,

measurements are somewhat
more complicated and less accu-
rate. Their technique will be des-
cribed below. Accurate measure-
ments may be made using the C-
method by comparing a detected and
smoothed signal with the signals
of a standard generator by the ri-
ometer method or the comparator
method. It is necessary to note
that R- and C-methods will give
different characteristics even in
the case of simultaneous measure-
ment of the same region.

(4) For measurements of ra-
pid variations of a scattered sig-
nal the C-method is more appli-
cable. The detected signal may be
recorded on magnetic tape and ana-
lyzed by a sonograph [5] or di-
rectly from the detector output
onto an appropriate spectroanaly-
zer. A correlometer may be used
for this purpose. Then it is not
difficult to translate the obtain-
he spectral power density. The
the aid
of radar. In this case fading
frequencies below the repeti~
tion frequency may be register-

ed with the aid of pulse record-

ing on a loop oscillograph,

and frequencies greater than

the repetition frequency may

be measured by correlation of
a coded (doubled or tripled)

radar pulse.

(5) Measurement of scat-
tered signal polarization is
more conveniently accomplished
by the C-method. Usually, re-
ception is accomplished on
crossed antennas. The main dif-
ficulty is not only identifying
the radiation patterns, but al-
so having polarized antennas
receive different signals from
In experiments known

to the authors this case has never been thoroughly considered.



It is possible to perform recording by directly photographing
. the screen of an oscillograph or analyzing video signals from both
crossed antennas on an analog computer.

. (6) Measurement of drifts may be easily made on radar equip-
ment by means of sufficiently frequent photographing of the PPI.
With the presence of a coherent pulse attachment it is possible to
measure radial velocities by the Doppler method. The Doppler meth-
od also allows investigating radial velocities (both drifting and
disordered) by the C-method.

(7) Mutual tie-in, calibration of measurements and measure-
ments at many frequencies. In the overwhelming majority of cases
calibration of both pulse equipment and equipment operating on a
continuous cycle is accomplished by using standard-signal genera-
tors (SSG). In the case of the C-method this is completely admis-
sible if the receiver has a sufficilently broad band pass, since
fading modulation of a scattered signal reaches 6 and possibly 10
kHz; the receiver band must be no narrower than 12-15 kHz.

For the R-method the best calibration method is to compute
measurements on an artificial target. Application in the given case
of calibration based on SS8G's is connected with the introduction of
corrections which are difficult to take into account. In these
cases, when there is a suspicion that the antenna parameters may de-
viate from the calculated parameters, this especially concerns multi-
element yagi antennas, and it is completely necessary to carry out
an investigation of the radiation patterns of the antennas (in the
case of the C-method, for both the receiver and the transmitter).
Measurement of the radar pattern may conveniently be taken using
low-power transmitters which can be launched on weather balloons,

Simultaneous surveillance of reflection regions at various
frequencies provides very rich experimental material and permits
solving a number of guestions which are impossible or difficult to
answer by any other method. In particular, this method is very con-
venient for measuring characteristic dimensions of inhomogeneities
and scattering radio signals [4-817.

Extensive application of the multiple-sounding method is hin-
dered by significant technical and methodological difficulties con-
nected with its realization. In particular, it is difficult to ob-
tain complete identity of antenna dlagrams and complete assurance
of the fact that scattered waves at various frequencies originate
in the same region of space. /10

Table 1 includes some data on radar stations used for surveil-
lance of auroral ionization regions.

From the table it is apparent that the equipment used at vari-
ous statioms is very far from identical, and it is very difficult
to directly compare results of measurements made by different inves-
tigators.
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TABLE 1

Station Frequency,| Pulse Pulse Antenna Receiver
Position MHz Power,| Duration, Gain Sensitivity,
kW sec W -
Switzerland... 30 100 40 8 3.107 14
41.0 3 120 8 10716
Dikson (USSR). 50 50 10 10 1071k
Saskatoon

(Canada).... 56 50 60 20 5,10713
Manchester _

(England)... 72 10 40 90 2,10 14
Yakutsk (USSR) 73 90 8 30 3,10715
College

(Alaska).... 106 100 100 120 10-13

398 60 400-900 4000 10”16

Space-Time Distribution of Radio Reflections and Their
Connection with Magnetic-Ionospheric and Auroral Activity

Many studies have been dedicated to the space and time distri-
bution of radio reflections, including several surveys [5, 9, 10].
The present state of the question may be summarized in the following
way.

(1) Scattering of UHF and SHF radioc waves is observed in the
auroral and subauroral zones, in the polar cap and on the equator
in the electrojet regions.

(2) In the northern hemisphere the overwhelming majority of
radio reflections for stations of the auroral and subauroral zones
take place from the north; in the south they occur from the south.

(3) Radio reflecting regions are distributed so that they ap-
proximately satisfy the Chapman conditions for a real magnetic
field. The appearance of radio preflections is also connected with
magnetic activity, which creates the impression that the alternating
magnetic field, caused by the flow of ionospheric current, necessar-
1ly changes the angle of force lines of the constant field until
these conditions are satisfied [10].

(4) The distribution of radio reflections during the day has
three maxima in the auroral zone (morning, evening and night), two
maxima in the subauroral zone (evening and night [5]) and one max-
ima in the electrojet region (day). Day reflections at all sta-
tions of the auroral-subauroral zone are rare,



(5) The probability of the appearance of radio reflections on
the average increases with an increase in magnetic field disturban-
ces [8, 11, 12] (Fig. 3).

A detailed investigation led to the discovery, however, that
this connection is rather complicated, and at different stations it
appears differently in details. For example,
for Yakutsk [13] 82% of reflections are con-

B
E‘” nected with negative bays and only 18% with /11
:§Jl~ positive ones, the latter appearing predom-
a inantly in the evening hours. A detailed
0 gt phenomenological description of the connec-
Z tion between these phenomena is given in
.94*‘ [10]. The author of this report is inclined
o to the opinion, first substantiated in [14],
étu that the system of ionospheric currents may
o oloa g distort the local constant magnetic field
SR A so that the Chapman reflection conditions
- C-index are satisfied. Evidently this factor plays
Fig. 3. Dependence a certain sometimes dominant role in the
Between the Probabil- formation of reflections, but in no case is
ity of the Appearance there an alternative for ensuring the ap-
of Radio Reflections pearance of radio reflections from those
and Magnetic Activity points in space where the Chapman conditions
According to the C- are not fulfilled with a purely geometric
Index [91]. treatment, although they may be satisfied

with regard to corrections for refraction
[15, 1686]. Both effects may be separated since they are described
by different functions of magnetic disturbances. It is more diffi-
cult to calculate the third, probably most important factor, the
formation of the very structure of radio reflecting regions, which
may be connected with the existence of an electric field in the au-
roral plasma. This question will be discussed in detail below. In
[3, 17] a statistical dependence of the mean reflection distance and
the maximum azimuth on the degree of magnetic field disturbance was
also found.

(6) There are too few data characterizing the state of the
ionosphere in a region of intense scattering of ultrashort wave sig-
nals to establish a clear concept of ionospheric characteristics in
regions reflecting ultrashort waves. However, indirect data (the
connection of ionospheric parameters with visually observable lum-
inescence, data on the scattering of ultrashort wave signals on
‘paths where, near the assumed reflection point, there was an ionos-
pheric station) show that the appearance of luminescences at the
zenith of an ionospheric station is accompanied by a definite type
of sporadic ionization (Eg,); or complete absorption in the ionos-

phere. The Eg, 1onlzatlon never appears during the daytime, but it
may be present even when visible forms of luminescences are not de-
tected. The Eg, is characterized by very large electron density

gradients and may be grouped around discrete levels at altitudes of
100, 105, 111, 117 and 129 km. There are no data allowing us to



consider that the mean electron concentration in Eg,; may be anoma-
lously high (much greater than 3-10° or 106) [18-2117.

(7) Extremely little investigation of the connection between
position of radio reflections and position of visible forms of auro-
rae has been carried out to date. In 1958 a series of observations
of this kind was organized in Tiksi [22], but inaccurate knowledge
of the radiation pattern of the radar equipment did not permit a
satisfactory judgement to be made on the results, although the po-
sition of the visible forms was fixed fairly accurately with the aid
of a movie camera. In the other case [4], the antenna diagram was
well known but the observations of luminescences were made visually.
In both cases, however, the results proved the same: it was estab-
lished that radio reflection takes place from inhomogeneous, weakly-
reflecting areas, especially from the edges of ray bands, from in-
homogeneities and depressions in active homogeneous bands, and more
rarely from quiet bands of moderate intensity. Very bright lumin-
escences and very quiet arcs of small mobility and separate rays
usually do not give reflections. There are grounds to consider that
strong reflections also take place from the lower edge of active ray
bands.

Study of Auroral Fading, Scintillation of Radio Sources
in the Auroral Zone, Polarization of Ultrashort Frequency
Radio Emission and Comments on Refraction

The problem of the spectrum of auroral fading is very important
for understanding the scattering processes, and in this semse it is /12
one of the cardinal problems. The entire fading spectrum from the
lowest to the highest frequencies is of interest. The low-frequency
and high-frequency fadings behave differently, and it is possible
to assume that these phenomena are caused by different factors.
High-frequency fadings are of particular interest and were experi-
mentally investigated in a number of studies [5, 23-26]. General
conclusions may be stated as follows:

(a) a scattered signal undergoes fadings whose frequency spec-
trum extends from fractions of a Hz to several kHz;

(b) it is noted that with an increase in the frequency of the
sounding signal the maximum fading frequency also increases;

(c) the frequency spectrum of the reflected signal power is
not continuous, on the contrary it usually shows a discrete struc-
ture;

(d) no connection between the amplitude of the scattered sig-
nal type of reflection and the nature of fading seems to be detected.

The local fading frequencies (period 1-30 sec) are apparently
connected with a change in the total reflectance of scattering re-



gions and are caused by a change in the position of the scattering
region relative to the radar (or receiver-transmitter stations in
the C-method), and also by a change in the mean electron density
connected with a change in the ionizing agent. Intermediate fre-
quencies (1-30 Hz) are possibly comnnected with the relative motion
6f large blocks of ionization, with the lifespan of scattering struc-
tures and with polarization fading. Finally, the high frequencies
(30 Hz-10 kHz) may be connected with small-scale motions in the re-
flection region. Very high frequencies, fadings and the line-band
pattern of the power spectrum of the reflected signal lead to the
thought that scattering by elements of wave structures moving at
great phase velocities takes place here. The type of frequency pow-
er spectrum contradicts Booker's assumption [42] of signal scatter-
ing by small, weak, uncorrelated inhomogeneities.

Experiments on translucence of sporadic ionization regions by
discrete (point) sources of galactic radio emission are closely re-
lated to the problem of fading frequencies and scattered signal
struetures. As noted in [27], scintillation of a radio source in
the constellation Signus at frequencies of 33 and 150 MHz are sub-
ject to simple laws. Rapid and especially intense scintillations
arise with the passage of radio emission through the Eg region. The
duration of rapid scintillations i1s 5-10 minutes, the maximum occur-
ring in the winter months. The distribution of amplitudes before
the appearance of rapid scintillation is a Rayleigh distribution;
during rapid scintillation it is Gaussian.

One of the causes of reflected radio signal fading in the case
of an antenna operating with linear polarization may be a change in
the area of radio signal polarization upon reflection; i.e., the ap-
pearance of polarized fading (in essence, an equipment phenomenon).
It is possible to foresee this circumstance in the construction of
radio zones and to exclude it in the case of crossed receiving an-
tennas. According to certain data [5, 28, 291, depolarization of a
scattered signal is always observed to be of a disordered nature and
sometimes reaches large values ( ~60%). In Booker's opinion [21],
on the other hand, the appearance of depolarization is an exception-
ally rare phenomenon. We made an attempt to measure depolarization
by the R-method at Tiksi in 1958 at a frequency of 72 MHz. In this
case, marked depolarization of the signal ( > 20%) was not detected. /13
It is necessary to note that the lack of success there might have
been due to a different antenna radiation pattern with horizontal
and vertical polarization.

Calculations presented in [15] indicate that for frequencies
of 70-100 MHz, Faraday rotation of the polarization plane during
surveillance of luminescences under normal conditions will be suf-
ficient to create noticeable depolarigation of the reflected signal.

We do not know of any experimental study on the refraction of
ultrashort waves in the auroral zone, although such experiments
might be set up, for example, by receiving signals from low-flying
(180-200 km) satellites or rockets. In this situation, an attempt

8



to evaluate the influence of refraction in the case of auroral ul-
trashort wave propagation by calculation on the basis of electron
concentration data in the auroral ionosphere is especially impor-
tant. Such evaluations [8, 15, 16, 30] are in good agreement with
each other and indicate that refraction introduces a substantial er-
ror into determination of the position angle. Even at frequencies
of ™ 100 MHz this error may reach 10-15%. It is necessary to take
tropospheric refraction into account as well. Instances of anoma-
lously far reception of signals from satellites (at distances up to
3200 km behind the horizon at 212 MHz [31]) attest to the importance
of considering both factors.

Physical Conditions 1in Aurorae and Radio Reflecting Regions

This problem may be boldly called one of the central problems
involving aurorae. Very many studies are dedicated to this problem.
Let us recall the basic facts which have been established, of which
there are not too many at the present time.

(1) Aurorae are caused by powerful electron currents with en-
ergies in the area of several keV. The energy flux of fast elec-
trons causing No. 1, 2 and 3 luminescences is equal in order of
magnitude to 1, 10 and 100 erg/cm?:sec, respectively. In anomalously
bright aurorae the energy flux may evidently reach even several
thousand erg/cm?°sec.

(2) The radiation energy of aurorae is basically concentrated
in the infrared region, In a No. 3 aurora the total radiant energy
flux reaches ~ 18.0 erg/cm?-sec [32]: in the ultraviolet region (A
< 3000 A) the energyoflux is equal to 4.7 erg/cm?+sec; in the vis-
ible spectrum (3000 A < XA < 6500 ) it is approximately 1.6 erg/cm?
*sec; and in the infrared it is 11.7 erg/cm?-.sec.

(3) At the present time there is still no single opinion on
what amount of energy of the electron stream 1s converted directly
into heat and what amount is radiated.

Chamberlain [32] considers that the basic amount (around 85%)
is given off as light and only 15% is directly converted to heat.
In this study we maintain the opposite point of view, and consider
that ~ 6/7-9/10 of the energy of the electron stream is converted
to heat. If the latter assumption is true, electron streams may
cause a substantial increase in not only the electron temperature
but also the temperature of the heavy components (ions + neutral
particles) in an intense auroral region.

(4) Spectrointerferometric temperature measurements in auro-
rae indicate that such heating actually does take place. An eval-
uation performed according to the broadening of the red line of ox-
ygen yielded a temperature of around 3500° [33] in a red, high-
altitude, type A aurora. Later experiments on infrasonic wave



recording also indicate this [34]., Maeda [35, 836] considers that
infrasonic waves are caused by pulse heating of the ionosphere with
electron currents in the auroral zone. The basic mechanism of en-

ergy transmission from an electron stream to atoms and ions in the /1lu
atmosphere is considered to be oxygen dissociation with a subsequent
association in the case of a triple collision, when the third par-
ticle may remove some of the energy after being liberated as a re-

sult of association. In the case of electron streams on the order

of 1012 cm‘z-sec‘l, this mechanism ensures the liberation of 107
erg/cm3+sec heat at an altitude of 100 km [37].

Interaction of the fast electron stream with the ionosphere in-
creases evenly with intense heating of the electron component of the
auroral plasma. This will take place partially due to the residual
energy of secondary electrons arising upon ionization, partially due
to inelastic collisions of the second type, and finally in cases of
triple collisions with recombination and association. It is clear
that the mechanisms of energy transmission from an electric field
to an electron gas will act more effectively than the mechanism pro-
posed by Maeda, and the basic amount of energy will be transmitted
exactly to the electron component of the plasma. This leads to va-
rious results, depending on the magnitude of the energy introduced
into the plasma. When the power density of energy sources connected
with the dissipation of the electron stream is small, a simple ele-
vation of the electron gas temperature takes place and a difference
arises: the electron temperature minus the temperature of the heavy
components of the plasma. Electrons begin to slowly heat the heavy
gas. If the power density of the energy sources is so high that the
electron gas is heated to a temperature of 8000-10,000°, a signifi-
cant number of electrons will then be able to excite a low energy
level of atoms and molecules; for example, emission of oxygen (6300

) and nitrogen (5200 !) where the excitation potentials are 1.96
and 2.35 eV, respectively., In this case we note that an anomalous
increase of these emissions is actually observed [38]. For such
periods we must also record a great infrared excess and the presence
of thermal radio emission [32].

To the best of our knowledge, no direct measurements of elec-
tron temperature in aurorae have been made. However, for a quiet
ionosphere such measurements were conducted on rockets with the aid
of Langmulr probes [39]. It proved to be the case that the elec-
tron temperature at the level of the E layer in Churchill (69° N,
lat.) was 500-700° higher than in Michikava (29° N. lat.); on Wal-
lops Island (49° N. lat.) it was only 100° higher than in Michikava.
According to other data obtained with the same method, the night
electron temperature at altitudes of 90-120 km during a comparative-
ly quiet period was equal to 600° K and the day temperature 800-
1000° K [y01].

(5) Often discussion has arisen around the question on the
amount of electron concentration in aurorae, in particular when at-
tempts were made to rehabilitate the hypothesis of critical reflec-
tion.
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At the present time we may consider it established that in re-
gions where radio reflections are formed the electron concentration
usually does not exceed several units:10%-cm=3 [41], and only in
rare cases does it attain values of greater orders of magnitude. It
is clear that no conceivable ionization mechanisms could create the
electron concentration necessary for critical reflection of signals
at frequencies of 1300 MHz [u42]. Although it is possible to assume
critical reflections at frequencies of 30-50 MHz in exceptional
cases, the general mechanism of radio reflections must be the scat-
tering of weak, small inhomogeneities.

We shall introduce several evaluations of the relative varia-
tion of electron concentration. Booker [42] considers that the rel-
ative elevatlon of electron concentration in an inhomogeneity (An/n)
~10"%-3+10"3 and that the absolute value is An ~500 cm-3., Accord-
ing to the calculations of V.I. Pogorelov [43] the absolute value is
An ~105-em™3, and An/n may reach tens of percents. In the opinion
of V.I. Dovger [4], the relative electron concentration in inhomo-
geneities may reach 10%, but more frequently it is 1-2%. Wickersham
[44], interpreting ionospheric inhomogeneities as acoustic waves, /15
comes to the conclusion that for effective scattering it is suffici-
ent that An/n be on the order of 0.3%. It is necessary to note that
all these calculations are highly arbitrary, and we can only speak
precisely of evaluations by referring to order of magnitude.

(6) Evaluations of the recombination coefficient made by vari-
ous methods for the night polar ionosphere and auroral regions also
contained large discrepancies (from several units-10"2 [45] to sev-
eral units+10~7 cm3:.sec”! [46]). Evidently the value of the effec-
tive recombination coefficient yielded by direct recomblnatlon pro-
cesses is near 1078 cm3-sec~! for the E layer [47].

(7) ZIonospheric currents in the auroral regions may have a
double influence on the formation of reflections: in the first
place, they may change the inclination of force lines so that the
Chapman. conditions are satisfied (or inversely, they may destroy
them); and in the second place, the electric field of auroral cur-
rents leads to drift motions of electrons and ions and to libera-
tion of Joule heat. The relative success of the first aspect of
explaining the connection between magnetic disturbances and the ap-
pearance of radio reflections achieved in [10, 48] somewhat inhibit-
ed the development of ideas in the second direction. However, in
connection with the progress in explalining the scattering power of
the equatorial layer Eg, in the region of the equatorial electrojet,
where a purely geometric interpretation of the action of ionospheric
current cannot be applied, this question again became timely. At
the present time the task may be formulated in the following way:
is the presence of current (electric field) in the region of

1 In the E region it is necessary to use the value (3-10)-10-8 cm3
+sec”! (editor's note).
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reflection formation a necessary condition for the appearance of
scattering structures?

The experiment with radiosonde observation of the equatorial
region E,; related to the electrojet indicates that the answer to
this question must be positive.

The total current in the aurora may be rather positively evalu-
ated based on the data of magnetic observatories. The difficulty
ends in the fact that total current does not enter equations des-
cribing the state of ionospheric plasma, but rather values of cur-
rent density or of electric field strength. The latter parameters
are rather difficult to determine in a well-defined way since the
total cross section of the lonospheric current and its distribution
along the section are not known. Recently these difficulties were
overcome to a certain degree [49]. Values of the area covered by
the current were evaluated as 3-1013-101% cm?, current density 10-10
A/cm? and field strength 107 CGS units. Although these evaluations
are very indefinite and are based on the introduction of supplemen-
tary assumptions, it is possible to consider that further improve-
ment of the method will make this process sufficiently accurate.

Comments on Theories Explaining the Appearance of
Small-Scale Ionospheric Inhomogeneities

At the present time, we assume three types of mechanisms for
the appearance of small-scale inhomogeneities in the Eg layer to
which ultrashort wave and ultrahigh frequency scattering may be at-
tributed:

(1) turbulent and thermal fluctuations of electron concentra-
tion, by which it would be possible to explain noncoherent scatter-
ing of radio waves;

(2) fluctuations of eléctron concentration in the various
types of waves (acoustic, magnetoacoustic, neutral diffusion, etc.),
by which it would be possible to explain the appearance of quasico-
herent scattering;

(3) fluctuations of electron concentration within a fast elec-
tron stream when it penetrates the ionospheric plasma; such fluctu- /16
ations, of the plasmatic oscillation type, may arise in the case of
a double-stage instability.

The hypothesis that scattering takes place on turbulent inhomo-
geneities of ionigation located in auroral regions was advanced by
Booker [31]1. The success of the theory of tropospheric scattering
made such a hypothesis especially tempting, and the initial success-
es in explaining many characteristics of reflections from auroral
ionization regions gave rise to hopes that this theory might prove
to be exhaustive. The same views on the nature of auroral radio
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reflections were maintained by Chamberlain [32], V.I. Dovger [u4] and

others. Pogorelov [u48] introduced certain improvements into Booker's
original proposal, and Egeland [5] generalized it to the case of
more complex scattering elements: triple-axis ellipsoids.

However, with the accumulation of experimental material it
proved to be the case that the model of scattering centers (small,
weak, disordered fluctuations of electron concentration) was incapa-
ble of explaining many facts (ecf. § II). At the same time, SHF
emission at frequencies of 1000-1300 MHz is scattered noncoherently
and possibly originates from thermal fluctuations of electron con-
centration or from plasma waves [42],

The hypothesis that wave processes in the E layer may be re-
‘sponsible for the formation of inhomogeneity systems is considered
in a number of studies. Although almost all studies are basically
dedicated to the explanation of the mechanism of ultrashort wave
scattering in the equatorial layer Eg, connected with the electro-
jet, 1t 1s possible to consider that these investigations will give
serious interest to the theory of auroral scattering inhomogeneities.

"Wave" hypotheses on the formation of inhomogeneities may be
divided into two groups. In the first group we shall include studies
based on an assumption that inhomogeneities are caused by the ap-
pearance of acoustic waves, the excitation mechanism of which most
often remains hypothetical [5, 52]}. It is necessary to note that
the connections between Eg and tropospheric phenomena (hurricanes,
cyclones and thunderstorms) noted by many authors may receive a real
explanation in this way. The leading idea of the second group of
hypotheses consists in using the known nature of plasma to display
instability toward many types of disturbances (drift, ionization re-
combination, beam, etc.). A rather large number of studies primar-
ily on the theory of the equatorial layer E, [53-59] have already
been dedicated to this very promising concept which was formulated
in the last two years.
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IT. PHYSICAL CONDITIONS IN THE AURORAL IONOSPHERE

Here a new definition is introduced: +the auroral ionosphere,
by which we designate that region of the ionosphere where the action
of electron streams plays the decisive role in the energy and ioni-
zation balance. A more accurate definition of the auroral ionos-
phere as a medium with a definite set of basic parameters, includ-
ing:

¥ - neutral particle concentration,
4 - molecular weight,
H - magnetic field strength,

Neg - electron concentration,
n4 - ilon concentration,
T, - kinetic temperature of electrons,
Ty - kinetic temperature of ions,
oo — effective recombination coefficient,
Y
«Wsi - total power density of energy sources,
;hW.— total power density of energy discharges,
is given by a system of equations connecting these parameters. Sone

of the parameters listed above, namely neutral particle concentra-
tion, molecular weight, magnetic field strength, kinetic temperature
of the heavy particle gas and the effective recombination coeffici-
ent, will be considered to be independent of the action of the elec-
tron stream. The task will consist of expressing the remaining de-
pendent ionospheric parameters by independent parameters and by pa-
rameters of the electron stream.

Energy Balance of the Auroral Ionosphere
The energy balance of the auroral ionosphere has a number of

characteristics which sharply distinguish processes of energy ex-
change in the auroral plasma from the energy balance of a nocturnal,

undisturbed ionosphere in the high latitudes. The basic energy
source for the auroral ionosphere is probably energy dissipating
from the electron stream. A certain amount of this energy is con-

verted to light. Evidently the energy fraction of the original
stream converting to radiation is from 1/7 to 1/15 of the total
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energy fiux for No. 38 aurorae.? On the basis of available data, a
more accurate evaluation is difficult to make.

According to the observations of MacIlvaine [60], the effective
conversion of primary electron energy into light energy in the vis-
ible region totals approximately 0.2% with a possible error by a
factor of two. The emission intensity in the infrared region is /18
20-30 times greater than in the visible region [32]. Thus the to-
tal light output may amount to several percent (5-8% for No. 3 au-
rorae and up to 10-12% for even weaker aurorae). In the remainder
of this study we shall consider that, on the average, 10% of the
energy of the electron stream is converted to light energy. In cal-
culation this amounts to 3.5 eV per one act of ionization. A pri-
mary electron usually expends around 19 eV on lonization with dis-
sociation and excitation of nitrogen or oxygen molecules [61]. On
the average a secondary electron carries away approximately 8 eV.
The dissociation energy and kinetic energy capable of being removed
by heavy particles after dissociation on the average amounts to a-
round 5.5 eV; evidently, not more than 0.5 eV is necessary per por-
tion of kinetic energy.

Thus the electron gas receives around 2/3 of the 35 eV which
are necessary for each act of ionization (bearing in mind that sta-
tionarity 1s always maintained and that energy removed for dissoci-
ation, ionization and excitation is partially converted to electron
gas in the case of reversible processes; l.e., by inelastlic colli-
sions of the second type). It is important for us to know what
amount of emnergy of an electron stream is finally converted to heat.

Here we may be completely satisfied by the assumption that al-
most the entire 35 eV expended by a fast electron for each act of
ionization goes to heating the electron gas.

Electrons of the auroral plasma expend some radiation energy in
the case of free-free transition. In rare cases, when the electron
temperature rises to 8000-10,000°, losses due to excitation by elec-
tron collision begin to play a certain role, but most of the energy
is transmitted by the electron gas to the heavy particle gas, which
is a practically unlimited energy reservoir and "refrigerator".
Joule losses of electron current, usually increasing in the E layer
at those times when an optical aurora appears, may provide a sig-
nificant contribution to the energy balance.

According to Chamberlain [32], approximately 5 eV of each 35
eV per act of ionization changes into heat, and approximately 30 eV
is given off as light.

2 The brightness of aurorae is usually designated by roman numerals
on a three-point scale. In this report, we will use Arabic numerals
in order to introduce designations for the aurorae of intermediate
brightnesses (No. 2.5).
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In other words, Chamberlain accepts the value 85% for the to-
tal light output and not the 10% which we consider. The great value
of total light output contradicts the measurements of MacIlvaine or,
indeed, requires assumptions that iIn the infrared region of the
spectrum there is radiated not 20-30 times more energy than in the
visible spectrum, but approximately 500 times more,.

Thus, if we designate the power density of the energy sources
for an electron gas by w,, and charges by wpe then, ignoring the in-
fluence of heat conductivity and for the time being not considering
Joule heat, we obtain:

div I, = s, = Bm, k’:”‘?N (Te—Tw)-
N (1)

Considering that the arrival of heat to the electron gas is equal
to the outflow of energy from the electron gas to the heavy gas due
to the "gradientless'" heat conductivity [75], we may write:

6d k(7 —T)

Wvle=—r ——, (2)

where dyy = mg vey. In (1) and (2) the following symbols are used:
Vey is the number of collisions per second of a plasma electron with
heavy particles; dyy is the coefficient of friction between the
electron gas and the heavy particle gas.

We have already noted that we comnsider the energy capacity of
a heavy gas to be infinitely great. This is only approximately /19
true. The amount of energy contained per em3 of a medium at a tem- —/—
perature of 300° K and a concentration 1013 em-3 is approximately
0.4 erg/cm3. The power density of the energy sources, connected
with the dissipation of energy of an electron stream as we shall
see below, does not exceed 1077 erg/cm3‘sec. Consequently, approx-
imately 10-"% sec is needed for the temperature of the heavy gas to
be significantly changed in any way. It is necessary to note that
at altitudes of 150 km, for instance, where N ~10'1 em~3, this re-
quires several minutes, and our assumption naturally loses validity.
Since in the following discussion we shall 1limit ourselves to alti-
tudes up to 130 km and time intervals of up to 10 min, the approxi-
mation of a "neutral thermostat" will be satisfactory for us. For-
mula (2) may be used for calculating the electron temperature in
the case where the left-hand side of it is known to us, let us say,
from rocket measurements. TFor example, when a rocket was launched
into the arc of a visible aurora, which was accomplished on February
25, 1958 at 5 hrs 48 min 32 sec UT in the area of Fort Churchill
[60], the total energy of an electron stream was measured as a func-
tion of altitude. Assuming that during the rocket flight the ener-
gy of the electron stream did not essentially change (it is possible
to judge this by the symmetry of the curve of the energy flux den-
sity obtained on the ascending and descending branches of the rocket
motion), we may evaluate div I, and then, using an approximation of
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the "neutral thermostat", to calculate the course of electron tem-
perature with altitude, assuming that the temperature of the heavy
component is constant and equal to 400° K. The results of such a
calculation are given in Table 2.

TABLE 2
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110,7 0,7 248-10™¢ 1,6-408 1,7-103
107,6 0,16 1,7-107¢ 1¢8-100 141109
105,0 0,10 245-1077 144-108 042-102
102,6 ) 0,075 1,0-10"7 0.8-108 4 .6-102
100,6 0,060 Te5:4078 8,6-10° 44-102
99,0 0,050 6,8-10"8 8,0-10% 4,3-102
07,7 0,044 4,6-10-8 T4+ 103 442102
96,1 0,037 4,4-107¢ T.0-108 4e2-102

The aurora into which the rocket was launched was apparently a No.

3 ray arc. The lower edge of the luminescence was located at an al-
titude of around 110 km. The calculated course of the electron tem-
perature has a maximum of approximately 3000° K at an altitude of
114 km. The flux density of energy sources at this altitude also
has a maximum equal to 6.5+107 erg/cm3'sec. The electron concen-
tration for calculations of temperature (T,) was calculated from

the condition

g~
Wee = om,‘Ae N (3)
where o is the recombination coefficient; n, of the electron concen-
tration; AT the amount of energy capable of being transmitted to the

electron gas of the ionospheric plasma in the case of one act of

jonization. Here it is assumed that the process is stationary.

The obtained distribution of electron concentration with alti- /20
tude indicates a monotonously increasing passage up to an altitude
of 118 km, where ng ~ 8.8°106 cm~3,

Uniting (2) and (3) we obtain the formula
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~  Bd (T, —Ty)
onthe = N ¢ "N m;’ LA (4)

which allows us to determine the course of electron temperature ac-
cording to the known ionization distribution (certainly within the
limits of the above-mentioned assumptions).

Although the approximation of the "neutral thermostat" and the
assumption that inelastic collisions are the basic mechanism for
the transmission of energy from the electron stream to the ionos-
pheric plasma, are rather rough (as is the assumption of stationar-
ity), they make it possible to formulate a closed problem for deter-
mining the physical parameters of the auroral ionosphere (Tpo, Wge,
I.) as a function of values usually accessible to direct determina-
tions (ng, N, o).

Thus, within the assumed limitations, a model of the auroral
ionosphere may be constructed, for example, as indicated above. In
fact, it will evidently be more convenient to proceed not from the
known distribution of electron concentration (with a subsequent cal-
culation of the distribution function of primary electrons according
to esnerglies, etc.), but from generalized energy spectra of primary
electrons. The selection of such a method is connected with the
fact that we can indicate a completely defined limited number of
such spectral types, while to separate definite types of electron
concentration distributions for the auroral ionosphere is difficult.

Model of the Ray Arc of an Aurora

Let us assume that on the basis of experiments we know the en-
ergy distribution for the energy flux density of fast electrons.
Such data may be obtained, for example, by rocket sounding of auro-
ra [60]. Then, knowing the law by which a primary electron is
braked in the atmosphere, it is possible to find the energy dis-
tribution for the flux density of electron energy at any level of
the ionosphere if the angular distribution of primary electrons is
known.

The braking of fast electrons upon penetration into the atmos-
phere is basically determined by ionization losses (here and subse-
quently we are considering electrons with energies of 1-15 keV).
The braking force in this case may be presented in the form [62]:

d¢___ NA lnbe
dh cosv g °? (5)

where A4 is the coefficient 2mez = 2.33°10736 erg2-cm~?;
b is the coefficient 8n/tvghz = 2.72°1010 erg-l = 4.37-10°2
eV'l;
e is the electron charge;
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is the atomic weight of atmospheric particles;

is the concentration of atmospheric particles;

is the coefficient characterized by the natural velocities
of atoms in the medium (for air, T = 6.02);

is the Riedberg frequency;

is the Planck constant;

is the pitch angle;

is particle energy;

dh is a path length element read along a force line.

A =N

m ¢ Jto

The braking force described by (5) is inversely proportional /21
to the energy of a fast electron and also depends on the logarithm
of energy, but this dependence is slight, and we may consider 1n be
to be a constant value and designate it by L. In extreme cases,
with a change of energy from 1 to 15 keV, L changes from 3.77 to
6.48; i.e., by 1.7 times (we shall accept L = 5). Then from (1) we
find
4 __ .2 ATL
S = s (6)

where I' = S Ndh indicates the reduced atmospheric thickness. Since
calculations are conducted for the auroral zone where the inclina-
tion of magnetic force lines is great, a path element (dh) is read
along the vertical, We shall designate the initial energy of an
electron by €4. We shall further assume that the energy flux den-
sity of fast electrons at infinity has the form

I = Iyexp(—en/eg). (7)

According to [60], electrons actually have an exponential dis-
tribution based on auroral energies, which may be identified as a
ray band, where ey in the above-mentioned experiment has a value
equal to 5 keV.

We shall consider that the exponential spectrum is character-
istic of all ray-type aurorae and that ray aurorae on different num-
ber scales are distinguished only by electron stream intensity, and
not by spectral distribution. Conditionally we shall attribute to
No. 3 aurorae an energy flux connected with primary electrons in the
energy band from 1-15 keV at 100 erg/cm?-sec and an altitude of 133
km. Then for No. 2 and No. 1 aurorae we obtain, respectively, 10
erg/cm2+sec and 1 erg/cm2-:Se€C. The strongest No. 4 aurorae are
caused by electrons with an energy flux alsoc assumed conditionally
to be 1000 erg/cm?-sec. Such an energy classification approximately
corresponds to the accepted photometric classification, wherein No.
l, 2, 3 and 4 aurorae give fluxes of 1, 10, 100 and 1000 kiloray-
leighs at the 5577 R line.

After passing through a thickness Pj the primary electron ener-

gy will be partially expended by ionizing collisions. In the energy
range from e to e + de at a depth I'j particles will fall with various
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initial energies depending on the pitch angle. To simplify, we
shall consider that the angular distribution of primary particles
is isotropic at infinity. It is clear that this will be most true
after the electrons have penetrated a certaln thickness of matter.
In order to find an expression for I(e,I'), it is necessary to in-
tegrate (3) over all pitch angles with regard to (2); i.e., to find
the integral3

I(e0) = - fvexp [__ Velt APZ/WS”} do.

[ €

(8)

To find an expression for the integral by known functions is
apparently difficult, but bearing in mind that a high degree of ac-
curacy is not needed from the result, it is possible to limit our-
selves to an approximate expression for (8). Indeed, the solution
of the cone from which particles may arrive at the given level T
is determined by the expression

o ATL
== 8re coS .
cr & (9)
Consequently for (8) we have the approximate expression: /22
I(EI‘]) = I exp[w] — arc cos __éEI_L.___
n e COS g AL (10)

For the initial level we select an altitude above which the
thickness will be less than the critical thickness for electron en-
ergies of 1 keV and a pitch angle equal to zero. In our model this
corresponds to an altitude of 133 km (Table 3).

The results of calculating the energy flux density as a func-
tion of altitude are given in Table 4. The electron concentration
and the electron temperature calculated for this same model (for
No. 1, 1.5, 2.5 aurorae) are given in Table 5.

As mentioned above,

o,
oh (11)

Wee ==

and the electron concentration was found from condition (3):

n,=l/i"£—. (12)
ale

The electron temperature was determined by a numerical solution

3 The problem was solved more accurately in the studies of Reese:
Planet. Space Se¢i., Vol. 11, p. 1209, 1963; Vol. 12, p. 722, 1964
(author's note).
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TABLE 3 TABLE 4
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6 107,6 7,2-1012 | 7,8.101 07,6 0,210 1,7-10°7

7 10540 9,6-101 I T 05,0, 0,166 21077

8 102,6 143-1018 1,3-101  § 102,6 0,118 147-1077

9 '1()0‘6 1,64+1018 1,61-101° 100,6 0,084 1,2- 1077
10 99,0 1.85-1013 1.95-4010 99,0 0,065 1,2 1077
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(1) with the condition that the assumption of "neutral thermostat"
is correct and that the temperature of the neutral component is con-
stant and equal to 400° K. Figure 4 is given as an illustration;
there the curves ng(h), To(h) and wge(h) are drawn for a No. 2.5 ray
arc.

A characteristic feature of the distribution flux density as a
function of altitude for all three cases is the almost strict con-
stancy of wge. At altitudes from 105 to 133 km this value varies
only by a factor of 1.7. If the "light output" is approximately
constant, then the surface brightness of an aurora in the altitude
range under consideration must be maintained unchanged. This cir-
cumstance does not contradict the known fact of the significant
elongation of rays in ray arcs along the vertical. The electron
concentration in all cases steadily increases, and from 93 to 133 /23
km it is increased by approximately one order of magnitude. The
electron concentration in No. 2.5 aurorae reaches a maximum value
corresponding to the critical frequency 20 MHz and evidently is
somewhat overstated. Probably this is connected with the fact that
in the energy range from 1-3 keV there are indeed fewer primary
electrons than given by extrapolation of the exponential distribu-
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tion .t It is necessary to note that during intense aurorae in the

zenith above an ionosphere station, reflections from the layers are
usually not observed due to the intense absorption below the E lay-
er; therefore it 1s difficult to evaluate the amount of divergence.

Analysis of the high-altitude electron temperature distribution
also leads to the conclusion that in intense aurorae at high alti-
» tudes, overstated electron tempera-
T ture values are obtained. The cause
%FIW /4. may be the same as in the case with
) R /// ‘ overstated electron concentration;

i.e., an incorrect extrapolation of
‘ the exponential distribution for the
120 ﬁ/ //// electron energy flux as a function
of their energy in the low-energy re-
// gion of the spectrum [60]. It is
/ clear that even in the case of No.
2.5-3 ray arcs, electron temperatures
of 7000~-10,000° must lead to the ap-
105 / pearance of infrared band excitation

/
1
/

by means of the collision between
thermal electrons, which must cause
/ a sharp emission "excess'" in the in-
sz frared region. It is impossible to
i e s
completely deny such a possibility,
since in a number of cases of high-

100 —

L4

LI{{ ﬁTWJ erg/cmB. sec Vst altitude, red, type A aurorae an an-
123 4% 51° om=> ng omolous infrared and thermal radio-
E}/; B L i emission evidently took place [32,
AL s pdegr, 63]. Another characteristic of the
Fig. 4. Physical Conditions curves Tg(h) 1is the slight dependence
in No. 2.5 Ray Arcs. of the electron temperature at low

altitudes on the energy flux density
of primary electrons. Considering the above-mentioned data, we must
be careful in applying results obtained with our models for eleva-
tions greater than 120 km.

Below we shall deal with an investigation of the mechanism of
scattering center formation in ray forms of aurorae, although anal-
ogous results evidently may be obtained even for homogeneous arcs,
Probably homogeneous arcs are caused by almost monochromatic elec-
tron streams. In the remainder of this study, the calculation meth-
od and the general physical picture will have much in common with
the cases considered.

Y Also the use of understated values of a' led to the overstatement
n, (editor's note).
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TABLE 5
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On the Nature of Auroral Dispersing Centers

One of the main problems of auroral physics is connected with
explaining the existence of radio reflections in the 30-1000 MHz
frequency range from zones of sporadic ionization connected with au-
rorae and explaining the known characteristics of such radio reflec-
tions.

At the present time Booker's theory seems to be the most ac-
ceptable [42]. 1In the opinion of Booker and many other investiga-
tors who adhere to his point of view, radar reflections are caused
by noncoherent scattering on small, weak (Ane/neﬁ-10‘3—10‘”) inho-
mogeneities of auroral ionization, stretched along the magnetic
pole. Dimensions of inhomogeneities in the transverse direction
(perpendicular to the magnetic field) are on the order of the wave-
length of the scattered signal; in the longitudinal direction the
dimensions of inhomogeneities do not exceed several tens of wave-
lengths. Conclusions based on the theoretical results of Booker
and his followers are satisfactorily included within the limits of
known experimental data, especially in that part of the theory
which reflects the electromagnetic side of the question. Evidently
the theory of scattering of small, weak inhomogeneities gives a cor-
rect concept of the nature of inhomogeneities. However, certain ex-
perimental data, with which we will deal below, place one of the
basic assumptions of Booker's theory in doubt; namely, the volume
scattering from the totality of statistically independent reflec-
tors; i.e., reflectors whose location and velocity are in no way
connected functionally.

Meanwhile Seed [70], having performed an analysis of the ele-
mentary' values of radar signal amplitude as a function of distance,
showed that reflections are caused by the totality of radiators,
the space distribution of which is more similar to distribution on
a certain plane than a homogeneous filling of some volume of space
with approximately equal scales along three axes. The results of
studying time variations of signals also do not enter the simple
scheme originally proposed by Booker.

The amplitude distribution of signal variations, scattered by
the totality of statistically independent inhomogeneities, must be
a Rayleigh distribution; indeed, it is usually near the "displaced"
Gaussian distribution. This indicates that in addition to the non-
coherent component there is a coherent component which often pre-
vails. The frequency spectrum of fading analyzed on a sonograph
[5] gave a "band" pattern corresponding to the relative motion of
several quasistationary scattering structures.

In Figure 5 we see that the fundamental fading frequencies are
concentrated in the bands near 2 and 6 KHz; moreover, there are
some individual, rather narrow, monochromatic lines in various re-
gions of the spectrum. All of this indicates that in addition to
the relatively slow, disordered shift within the scattering struc-
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tures , the structures themselves move relative to one another at significant
velocities. The presence of monochromatic lines may be explained by
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Fig. 5. Sonogram of Auroral Fading of February 23,
1960 (22 hr 45 min Central European Time).

the fact that in this case pairs of quasistationary structures have /28
significant relative velocities., The proposed interpretation of

broad bands at 2 and 6 kHz is now unique. Indeed, if reflection

takes place from a great accumulation of ordered structures, each

of which may be considered stationary but the relative motions of

these structures having a certain velocity distribution, we may u-

nite both characteristic-spectral types (band and line) into one

model which may be described as follows.

(1) The basic scattering element of the auroral reflecting
region is a plane periodic structure with elements extended along
force lines, a basic dimension comparable to the wavelength of the
sounding pulse and a lifespan much longer than the minimum period
of fading.

(2) There is a sufficient number of such plane scattering
structures in the auroral reflecting region and their relative ve-
locities may be weakly correlated (quasistable spectrum) or correl-
ated according to individual groups (line spectrum). There are al-
so palrs of structures with effective reflectances sufficient to
produce individual lines on a sonogram.

(83) The relative motion of the structures 1s not conmnected
with the displacement of matter (actually, the frequency 2 kHz at
a wavelength of 3 m corresponds to.a velocity of 3 km/sec), but is
connected with the phase velocity of the motion of small increases:
in electron concentration.

The proposed model keeps several features of Booker's system;
i.e., scattering of small inhomogeneities of electron concentration
(almost the entire electrodynamic part of Booker's theory). But
we decisively reject the statistical independence of each scatter-
ing element; i.e., the hypothesis which arose from the assumption

27



of a turbulent nature of electron concentration fluctuations. Thus
we avoid two difficulties which proved to be insurmountable within
the framework of Booker's theory: +the non-Rayleigh distribution of
amplitudes and the line-band nature of the fading spectrum. It is
necessary to note that the very hypothesis of anisotropically-
developed turbulence in the auroral plasma is also not lacking crit-
ics. The fact of the matter is that at auroral altitudes the den-
sity of the neutral atmospheric component is 5-7 orders of magni-
tude greater than the electron gas density. Due to the mass equi-
librium of ions and neutral particles, the pulse-induced exchange
between these lonospheric components must be very intense. Conse-
quently, the appearance of turbulence in the electron-ion gas must
slowly cause the appearance of turbulent motion even in a neutral
gas; l1.e., in essence we must accept the hypothesis of the existence
of general turbulence in the atmosphere. It is clear that such tur-
bulence will not be anisotropic since the magnetic field does not
influence neutral particle motion. Such turbulence is difficult to
connect with auroral ionization regions if we assume that sources

of turbulence are displaced in neutral gas. If we assume that they
are displaced only in the ionized component, then the power density
of energy sources for the turbulence must exceed the density of
thermal energy in the ionized gas by several orders of magnitude.
Actually, in order to create fluctuations of electron concentration
on the order of 10~ 3ng by making the entire atmosphere turbulent,

it is necessary to create fluctuations of pressure on the order of
103 (we consider the temperature to be unchanged) in the atmos-
phere:

Apy _ py(Aup

PN Py =107,

(13)

i.e., the energy density of the turbulent motion must be

prv (Au)® ~1073py .

But this energy density is nearly 1000 times greater than the ener-
gy density of thermal motion of the ionized component:

: NkT N
N -3 . N ~
A0 g~ 107 (1%)

(4

If we consider that only the electron gas is encompassed by
turbulent motion, then the difficulty with very powerful pulse
scattering is eliminated due to the transmission of a quantity of
motion from the ion gas to the neutral gas, since the great differ-
ence In masses between the electron and the "heavy" components makes
this process slow. But now the difficulty arises: the existence
of density fluctuation of the electron gas alone leads to the ap-
pearance of fluctuation of the space discharge, and this in turn
causes the appearance of waves in the plasma and individual fluctu-
ations may no longer be considered independent. It is clear that
the necessary great relative amplitude of such waves (~ 1073) may
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be expected only when these are quasineutral waves.

If we consider that scattering centers represent bundles of
quasineutral waves, then the difficulties which could not be over-
come within the limits of Booker's theory are eliminated. ZEach sys-
tem of waves may be identified with an ordered scattering structure;
such structures (systems of waves) may exist independently, but
their phase velocities prove to be statistically connected.

As already mentioned, wave processes may be responsible Ffor
the appearance of ionospheric microstructures [54-59]. On the oth-
er hand, analysis of the gas discharge theory and of drift insta-
bilities in plasma led to the discovery of various types of oscil-
lations in waves [17].

Below we present a system of equations for a three-component
plasma with regard to the following conditions.

(1) Since only quasineutral waves can create a noticeable ex-
cess electron-ion concentration, we shall assume that ng = n4.

(2) We shall consider that a neutral gas is at rest.

(3) Considering heat exchange between the ion gas and the neu-
tral component, we shall assume that the ion temperature is equal
to the temperature of the neutral gas and does not undergo varia-
tions.

(4) We shall consider phenomena in an altitude range wherein
the following condition is satisfied:

c“'ng 2 ezngfl é_

c2d: N c?d? N

(15)

Here e is the discharge of an electron; np, is electron concentra-
tion; H is the magnetic field strength; ¢ is the speed of light.
The term dgy = mghgvey is the coefficient of friction between the
electron and neutral components of the plasma; d;y = mgngivsy is the
coefficient of friction between the ion and neutral components of
the plasma; vgy is the number of electron-neutral collisionss; viy
is the number of ion-neutral collisions; mg, m; are the electron
and lon mass, respectively. The numerical expression (15) corres-
ponds to the inequality ‘ '

- 2,9-10%. 7, > ¥ > 1,08. 101477
i.e., the altitude range from 75 to 110 km.
When (15) is satisfied, we may not consider the influence of

the magnetic field on ion motion and, at the same time, we may con-
sider that the electron gas is in a strong magnetic field. Since

29



up to altitudes of ~ 120 km the influence of the magnetic field on
ion motion will still be relatively small (the approximate and pre-
cise value of the coefficient of friction will be distinguished by
a factor of 1.5), we shall use the accepted approximation through-
out the altitude range investigated (90-120 km).

(5) We shall consider that the basic supplier of energy to
the auroral plasma 1s the fast electron stream and energy is basic-
ally removed from the plasma by means of gradientless heat trans-
mission to the neutral gas due to collisions of electrons and ions
with neutral particles. We shall consider that the electric field
is such that the Joule heat liberated with the passage of current
is less than the total power of the energy sources connected with
dissipation of the fast electron strean.

(6) The degree of ionigzation is sufficiently small; i.e.,
n < < N.

(7) We shall consider processes with a characteristic time
me
Tchar > d%; » and this signifies that in the equations of motion of

an ion we can ignore inertial force. In the poorest case at the

120 km level, Tghapr > 1072,

(8) We shall 1limit ourselves to consideration of a one-
dimensional problem. The x axis 1s perpendicular to the vector H.

Thus the basic system of equations will have the form:

c’aeN ape aTe
Ve = — @ntir ( Fra e”E+7l’aT) ' (16)
(-
Vy= — o | e — enE '
: diy \ 0% (17>
an ‘ 9y, dv, _
%(Ue—vi)—!-n(-—ax ——=-]=0 (18)
3 apg 5 ave 3 ape a ( aTe — —_— -
T o P T o Ve T Bm \KLe oz ) = Wee Wret (19)

Here E is the electric field strength; vy, vi are the drift veloei-
ty of electrons and ions, respectively; p, is the electron pressure;

K,e is the perpendicular electron heat conductivity; wge = anZie +
(JjE) is the power density of energy sources for electron gas; J is
the electron current density. Finally,

o

_ 6d R (T,—Ty)
S

is the power density of energy discharges for the electron gas.

Let this system of equations describe small deviations from
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the equilibrium state which are characterized by the conditions:

N
Voe = en;i’ E, (20)
en N
voi = —E, (21)
Wye = Wyge (22)
Whereupon
Ve == Vg -+ U, U, L vy (23)
Uy = vy - uy, u vy
Te=Te+r, T Ty
Ry = Ny, v, ’V<n0,.
Small deviations from equilibrium values are coordinate and time 31
functions. We shall consider that they change according to harmon-

ic law; i.e., proportional to the factor exp(Bt + gx), for example

T = -roeﬂf-l'gx.

Substituting (23) into (16-19) and using (20-22), we have (after
excluding v, and v;):

cid, - c*d kT nkT, 2wk [ e
[(¢"H’+ )E+( EnlT 4N )g]v+ etH? (kT +g) (24)
: *d kTE 2d k2T
[(1.5 KTB—anle)—1,5 TS E g o5 Toen T 2] vt

3kd,y (3T,—T,)  cd,y B?
+ [(1 5 nf e e T T )
* + mlTe HzTe
2,75ctd,y kE td,y KT\
Y L (e.L+25 e )g]t:O. (25)
In order to simplify the recording we obtain the following symbols:
cd, en ) ctd,y kT, nkT,
("‘H’ +ET E=a; ( enlHE  diy ) = Qg
ad,y E &d,y k
T, T 0% eET =00 (286)
ctd . kT .E
(15 kT8 — anle) = by; 1,5 .__:_”Liﬁi_e_ = by;
ctd,y k2T 2 . 3kd, (3T, — T c2d, E?
25T b (15imB+ Ola=T0 M)
etd,y kE d,y 1T
2 75 _ 8[12 = bs; (xie + 2.5 ——:i:ilfn—e) == bs-

So that the systems in (24) and (25) have a meaningful solution, its
determinant must be equated to zero:

(a1 + a20) (as + a48) ]__0
(b1 — bog — b3g?)  (bs— bsg — beg?) ‘ (27)
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Relative to g, (27) is a cubic equation:

(ashbs — asbe)g® + (asbs + asbs — arbs — a1bs) g+ (a-2b4 — a1bs + azby — (28)
— azb)g + (004 — ashy) = 0.

Generally speaking, the values B and g entering (28) may be complex.
Depending on the signs and values of the imaginary and real parts 8
and g, there may exist accumulating or damping waves, oscillations
or aperiodic distribution of parameters in the plasma.

If ImB # 0, Img # 0, then waves exist; i1f in addition Reg > 0,
then waves increase with time. The material part g determines the
spatial decrement of damping; i.e., the dimensions of the wave sys-
tem in space. With the aid of (28) it is not only possible to con-
nect two parameters (for example, the imaginary parts B and g), but
also the third and fourth parameters remain arbitrary if no physical
limitations can be imposed upon them. The spatial decrement of
damping in our case interests us least of all, because we shall sim-
pPly consider that spatial damping is absent. Thus, we designate:

g=1ik, B =0+ ion. (29)
Substituting (29) into (28) we obtain two equations: /32
— I3 (alba —_ aabs) o (aabz — a]b5 — Aty + azCz) . 30
o=k 1,5 k (ain — asT'y) k 1,5k (ayn —agly) . ' ( )

a__ g2 (ain — asT,) (asbst asba— arbs— asbs) | (asbs — azbs — a461 - aaca)
k k [ (acT — aan) (asbs — azbe) . -+ aghs — azbg ] +
(163 — ager) (a1n — a3 T)
+ (asbs — azbe) (aeT, — a;‘) - (s1)

Bkd,y (3T, —Ty) cidyy E?
miT, — THT, .

where C = 1.5 ,CT,6 —_ anAa; Cy = 1,5kn6 +

Excluding 6 from these equations, we may obtain a connection be-
tween X% and w; i.e., a dispersion equation. However, the solutions
of (30) and (31) have several peculiarities. Numerical analysis of
the coefficients entering here ai;, a3, ..., ay and by, bo, ..., byg
indicates that in the altitude range we are investigating (90-120
km) the coefficients az, ay, b5, bz and by are small and do not es-
sentially influence the solution. Considering this circumstance
for (31) we have

k‘A-K31Y—F€%]k?+(ELY41=:0. (32)

a3

bonmen sl U B VG2

Consequently,

(33)
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C2

=3 — 35 ka=xi(3)- (34)

In order that our solution describe the space-periodic structure,
it is necessary that kX be a material number; i.e., ¢ < 0. Other-
wise the existence condition of space-periodicity has the form:

*d . E3 3kd,, (3T, — T'y)
e ® S ASnET S+ ‘"(m LU (35)

In (30) we divide the right- and left-hand sides by k. Considering
that w/k is the phase velocity of waves v,y and also the smallness
of the coefficients a3, ay, bo, by and bs we have

G é‘. czdeN
vp.h- 18375 _-1.83"”_12 E. (36)
We rewrite (35) in the form
8 < 20N Bt 3wk 3T, —T) (37)
3P¢ H? Pe’"'i .

The behavior of the waves we are considering will depend on the
sign 6. Where § > 0 oscillations will increase; where 8§ < 0 they
will be extinguished. Consequently, the existence condition for
increasing oscillations is such that

' 3k(3T,—1Ty
Efnln> m:02 ~ He, (38)

Inequality (38) signifies that a certain minimum value of the
electric fleld exists at which the oscillating process begins to in-
crease; this minimum value is such that the power density of Joule
heat sources 1is greater than the power density of energy discharges.
This signifies that the electron temperature in the region where
increasing oscillations arise must also Iincrease with.time. Then /33
the increased decrement 8 also determines the characteristic time -
for temperature increase Tipepp

-t
tthernzb v (39)

We shall conditionally consider that Ttherm» i.e., the time after
which the temperature of the wvolume including the inhomogeneities
substantially changes, is also the "lifespan" of our system of in-
homogeneities (indeed, the latter may even be greater). It is
clear that we shall be able to record a signal scattered by a given
system of inhomogeneities only in the case where the amplitude of
oscillations of electron concentrations in the wave exceeds a cer-
tain level. It is customarily considered [9, 48] that for this it
is necessary for the ratio Ang/m, to exceed 3°10-%-10-3. 1In the
following discussion we shall use the value 10-3 for this ratio.
From the system of equations in (2%) and (25), the amplitude values
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may not be obtained since the system is linear. However, it is pos-
sible to evaluate An/n from simple considerations. Actually, where

§ > 0 a "contraction" of the plasma toward the nucleus of an inhomo-
geneity takes place after a time Tz~ 27/8. The rate of '"contraction"
is u ~1/1, where 1 is the size of the inhomogeneity. Thus,

”=%- (40)

The particle flux toward the center of the inhomogeneity is
~nu. At the same time, due to thermal motion, some of the back-
ground particles enter the region of inhomogeneity and their flux
is ~nv7; the rest of the particles leave the region of inhomogene-
ity and their flux is - (n + An)+v7; consequently the particle flux
leaving the inhomogeneity due to the thermal motion is equal to AnvT.

We shall define the time ty as that necessary for reaching the
critical value An at the moment when the fluxes are equalized. Then

%6~Anv,, (41)
and
An "

O~ (=) vk (42)

or (") R
(&)~L (43)

n vk oo

For this level of scattering to be reached it is necessary that

. L 1)

or ther% ’ (44)
A .

8< () vik (45)

Conditions (44) or (45) provide us with the possibility of in-
dependently evaluating the increment of increase (or the lifespan)
of the system of inhomogenelties arising due to "wave instability"
of the ionospheric plasma with the passage of electric current
through it.

In (45) vr is the thermal velocity of ions equal to (8 kTy/
wm,)*%. The relationship in (45) lends a new sense to (34)-(36);
i.e., the sign 8§ proves to be independent of the sign k. But ac-
cording to (36) the sign depends on field direction; i.e., the sys-
tem of waves moving in the direction of the electric field increases
and the system of waves with a phase velocity directed against the
field is damped. For the greater possible value of §; we have

6m = (énf)v,km .

Substituting 8, in place of & into (34) and comsidering that
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d, kT,

nl,=4.66-—e;l—12——, (46)

for kp we find
An
0.405P, ( )v 22

S U7 ¥ +
Any2 2048 T4
+ 14- m—z,,z( ) vyl 4014 F 0,418k (3T, — T) e2H?* )
(T pyicags ST T (kT fmget * (47

In a more compact form it is possible to write:

0,205n 2 H? An A (u8)
b = TTNTT,—["‘ 0,515 (5) oo — V52 = (v7) ]
where
N2 10k (37‘ TV) c? deN An QSETN (L!_g )
(v:)* = [ o i 0,264 (37 ] :

and vph is given by (36).

Thus we have found a connection between the phase velocity of
a wave and the electric field strength by (36), on the one hand, and
between the phase velocity and "dimension of inhomogeneities" on the
other., As a "dimension of inhomogeneities'" we shall assume the val-

ue g = gk"lg i.e., one~fourth of the wavelength for our wave system.

From (45) it is possible to evaluate the effective lifespan of
a wave system; l1.e., the time during which it scatters a signal at
a given frequency with sufficient intensity. Let us arbitrarily
consider that the dimension of the inhomogeneity is equal to one-
fourth of the wavelength of the scattered radio emission and the ef-
fective lifespan to be 0.6 Typ. Then

=05 (S (50)

For the level 105-110 km this time totals approximately 1.5-2 sec
for A = 4 m.

If there are few reflecting systems, as occurs in the case of
weak ODS-type signals [72], the radar must record well-defined,
long-period fadings with T ~ 1-2 sec. Actually we noted such fadings
during observations at Tiksi in 1958-59, but as a rule, their peri-
od was greater (10-15 sec).®

On the basis of ray arc models we will perform calculations of

5> Modulation in such cases is usually very deep, at times close to
the dlsappearance of the signal.
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the two basic parameters of radio reflecting regions Uph and 7 as a
function of the electric field strength E. But before beginning to
describe the calculation, let us make some comments of a general na-
ture.

(1) Conclusions on the basis of a model provide a purely qual-
itative description of conditions in the auroral ionosphere, and nu-
merical results have only an illustrative significance.

(2) Scattering wave structures arise under essentially non-
stationary conditions when the electron temperature increases due
to a noncompensated excess of Joule heat. Therefore the above-
described models essentially give the physical conditions in the au-
rora before the appearance of reflections, but with the increase in /35
temperature still greater electric fields are necessary to maintain =
the same reflection characteristies. If this condition is satisfied
(i.e., the electric field increases), then the existence of a scat-
tering structure in the same spatial region may several times exceed
the effective lifespan assumed in (50).

(3) All the numerical coefficients and the very nature of the
approximation assumed in (32) do not give a basis for relating nu-
merical results to anything other than an illustration of the qual-
itative theory.

Let us now turn to a calculation of the coefficients in (16)
and (18). The coefficients of friction between the electron gas
and the neutral component d,p§ and between the ion gas and the neu-
tral component d,;y (with regard to the action of the magnetic
field), the coefficient of transverse heat conductivity of the elec-
"tron gas k,, and the coefficient of thermal force vy, enter here.
The coefficient of friction relative to the magnetic field is not
difficult to obtain, knowing the expression for these coefficients
in the absence of a magnetic field. We shall simply designate them
by dgpy and diy, respectively. In [73] equations for dgi are given,
and it is easy to generalize them to the case of electron and ion
interaction with neutral particles. We have

deN = 0.513mem‘}m y ( 51 )
diy = 0.513min1'}m . (52)
From equations written with regard to conditions where Tcophap

mi
> n

, we have

din
vpe-}—er'zE-{—deNve-{_ane_F[.'%]ﬂ:(), (53)
VPi“*.enE-i-dmviL—[—v-!f,ll:O. (54)

Under the condition that only x-components exist for E, Vp and VT
and only z-components for A, we find:
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VxPe + enk, 4 T_LV:Te + d_]_eN Ve =0, (55)
Vxpi—enEz+dinvix =0,

d 1 enH \?
1N = eN[ +(°d¢1\r) ]’

dyw = du | 14+ (£252)°
1N = m[ +(cdm,)]

en?H? (57)
d_LeN = cdeN y

where

Considering (24) we have

(58)
dyiv=div .

According to [73], the coefficient of thermal force has the form:
cdyp\2
7l=5-‘""(#{) . (59)

In the altitude range under consideration, Yy, is negligibly small,
since ‘

(B <

The accuracy with which most coefficients were calculated evi- /36
dently does not exceed 20%, but in extreme cases it reaches 200%.

Let us now turn to a description of the calculations of the pa-
rameters characterizing the system of inhomogeneities responsible
for scattering radio waves of the ultrashort wave band.

At first the values of (v!)? were calculated; data on tempera-
ture, electron concentration and neutral particle concentration were
taken from the results of calculating ray arc models. Then values
for the critical electric field strength were found from the condi-
tion ky = 0, i.e. practically vf = v)/. Then applying (36), we ob-

tain T
‘ He _
Ek=0,547g;d——1)1., (60)
eN
The condition k; = 0 defines the region of imaginary Xk, where

the space-periodic structure does not exist, from the region of
real k where the space-periodic structure, with an amplitude in-
creasing in time, must exist. Consequently the condition Z > Ej at
the same time is a condition for the appearance of periodic inhomo-
geneities.

The calculated values of Ep for a ray form of No. 1, 1.5 and
2.5 aurorae are given in Table 5.
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For the case vpp > > v% we have

k. —0 205 ne2fl?
" “onkT, "Vph, (36)

Or, substituting the expression from (36) for Vph We obtain a simple
formula

eF
ke == 0375kT. (s1)

For 7, (the length of a diffusion wave) we have

kT
l,,»,=16.8;E—. (62)

Evidently, it is necessary to understand "dimension of inhomogenei-
ty" to mean the dimension of a region adjacent to the antinode of
electron concentrations where the electron concentration is still
not less than 1/3 of the maximum (in the antinode). The size of
such a region amounts to 1/4 I,. Then we have

L=0.251,m (63)

By establishing the condition that the size of an elementary
inhomogeneity is equal to 1/4 the wavelength of the sounding radio
emission, we obtain a condition connecting the temperature T,, the
wavelength A and the electric field strength E:

E=438.10" 2 (64)

Let us attempt to evaluate the range of radio frequencies ef-
fectively scattered by wave systems of 1nhom0gene1ty from this con-
dition,

Evidentiy where vph‘::vé,
waves of any length is possible. However, even small fluctuations
of the energy flux of fast electrons easily disturbs the condition
in (38); therefore, the solution in the case of vph = v! will be

very unstable.- T

km ~ 0 the appearﬁhce of diffusion

Let the minimum value of the phase velocity be determined by

the condition vgﬁn = QUT This limitation determines the upper 1li-

mit of possible dimensions of inhomogeneities. The lower limit is
somewhat more complicated. to evaluate. From physical considerations

it is clear that the electric field may not exceed the limit at /37
which ionization by electron impact of plasma electrons accelerated

in the electric field begins to arise (i.e., independent discharge
begins).
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Although it is impossible to completely ignore such a possibi-
lity, at the present time a "purely discharge" conception of aurora
is obviously little successful. We may also use one more strict
physical limitation which indeed is related to the question of the
limits of -applicability for the theorem. Above we noted that we
can ignore the inertial forces of protons:

2nd,

(65)

i.e., the maximum phase velodcity at which (32) remains valid is

ZnQN
mn

(v hkm)max po—

Considering (36) and (61), we may find an expression for electric
field strength
dip \Ya Y,
Emax . ( iN ) ( LI
3]1 CN mici * ( 66 ) ‘

Finally, for the maximum phase velocity and the minimum wave-
length on the ba81s of (82), (64), (66) we have convenient calcula-
tion formulas: )
4,8-107T,

?

min
A = ax

(67)
pmax . 3. 10—0NT1/,Emax .
_ ph ‘ (68)
Here it is considered that

dery = 3,47 107N T,
diy == 7,45-107NnT:

Finally, it is useful to evaluate the maximum possible value of the
fading rate. Fadings will, for example, occur in the case where
there is interference of radio waves scattered from two systems of
diffusion waves, appearing in two regions with uniform electric
fields and equal eléctron temperatures [the equality (Tgz/E)y = (T,
/E)2 is important], but with different neutral component concentra- .
tions. Then

9f ymax __ jmax

As a convenient characteristic of the maximum fading rate we have
the value
fm-x_Z’Lm._’f.

Amax ( 69 )

It is easy to be convinced that this value is a function of neutral
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particle concentration.

For No. 1, 1.5 and 2.5 ray arcs the parameters EM3X, min, vggx /38

and fM&X gre presented in Table 5, as well as the parameter

2.4-10‘°Te
A= E, ' (70)
The wavelength of radio emission scattered by inhomogeneities at a
minimum phase velocity is equal to vgin = 20%.

0f course all these parameters characterize the reflecting re-
gion only qualitatively, since the possibility of obtaining a sig-
nificant reflective signal depends not only on the dimensions of
the inhomogeneities but also on their number, orientation, the ab-
solute value of An, and, certainly, on the fundamental parameters
of the equipment. A three-dimensional reflecting inhomogeneity may
be conveniently characterized by a triaxial ellipsoid, with one
semiaxis parallel to the direction of the magnetic field, another
parallel to the direction of the electric field and the third per-
pendicular to the first two. Let a |[E, b || and (eE) = (cH) =
(EH) = 0, respectively.

Then for the case of backscattering we have:

. P, s . I ( 4ma sinE)
_ 1Py atbict [ An\2 TN\ v 8n? .o .
scat 4R} I ( ) 4na . - 0xp ['—T’—(b sin®g +
o n —T—mnz (71)

+ c*sin? «p)] .

n

where Py is the power of the transmitter; A is the wavelength of

the sounding pulse; G is antenna gainy; Ry is the distance to the
target; A, 1s the critical wavelength for the given background elec-
tron concentration; Pgogt+ is the power of the scattered emission;

£, ¢ and ¥ are the complements of angles between the axes and the
wave vector of the radio wave up to 90°,

In the given case g = L is the dimension of the inhomogeneity
connected to the length of the diffusion waves im (62), (63). The
values b and ¢ are not defined in our problem, since in the case of
plane waves it is necessary to assume b = ¢ = oo. However, due to
inhomogeneities of the field F in each area of space with the char-
acteristic dimensions -

E
B,=—% and ¢, — % .
vodEy ' dE
L= x (72)
dy LI

z

its own system of waves will exist. Consequently it is possible to
set b = By, ¢ = eég. These values will to a certain degree determine
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the sensitivity of reflection aspect according to position angle
and azimuth, but evidently the sensitivity aspect is a statistical
effect to a great degree.

Actually; since b > > X and ¢ > > A, the reflection from an
elementary reflecting surface (a diffusion wave front) will be al-
most mirror-like. Since £ ~ 90° and ¢ and ¥ ~0°, the index of the

exponent in (71) may be rewritten as - g%g (b2¢2 + e2y92),

Since b and ¢ are much greater than A, even with small devia-
tions of ¢ and ¢y from zero the right-hand side of (71) is near zero.
Only for angles of ¢ and ¥ near zero does Pgogt+ Prove to be finite.

All these considerations relate to one elementary reflecting
system. Indeed, there are evidently very many such reflecting sys-
tems because the vector of the electric field strength of an ionos-
pheric current always has Ey and E, components which are variable

in time and space and not equal to zero. Thus quasiplane reflect- /39
ing surfaces are positioned in space at very different angles to the
x axis and to the wave vector of an incident electromagnetic wave.
A certain number of such surfaces will always be "fortunately" lo-
cated relative to the radar equipment. If the angular distribution
of fundamental normals to the reflecting surfaces a is ¥ (¢, ¢),
then considering that
pe . 125-108

T n? !

for Pscat we have

o, PyG*A2 (An)? A : f4na
P o 34107 —— et 1,( z )

o 25 0

¥ + )|V (9, $) doty.

If w; accept the parameters of the Yakutsk radar as typical
values: —S—;—i—? ~10-18; ¢ = 30; A m 4:102 cm3; Ry = 5-107 cm, and we
give 102 (4-10%)- (4 10%) cm as dimensions of the reflecting region
then with An fle cm 3, we obtain that ~ 103-10% of oriented ve-
flecting surfaces is properly necessary. In addition, ¢ ~y¢ ~ 10'.

(73)

If we assume that the magnetic field reliably fixes the posi-

tion of the b axis so that angle ¢ = 0 and reflecting surfaces are,
distributed 1sot%op1cally in space accordlng to the angle ¥, then
we find that ap rox1mately only 107® surfaces will be oriented ac-

cording to ¥ 1Pe » ¥ proves to be less than 10’ and it w1ll be pos-
sible to register reflection from it.

We assume that the region of reflectlons occupies a volume of

107.107-106 cm3_and is ‘densely filled with reflecting -surfaces, then
the number of reflections proves to be equal to approximately 109.
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If they arvre 1deally oriented aCCOPdlng to ¢ and disordered according
to ¥, then 103 of them will reflect in the necessary direction. In-
deed, the distribution according to ¢ 1s not strict dbut it is usual-
ly flxed with an accuracy of up to 1-3°., This decreases the '"selec-
tion factor" from 1078 to 10-7-10"8; then a certain order must be
observed in orientation according to .

Conditionally it is possible to consider that the ¢ are isotro-
pically distributed within limits of angles of approximately 30°.
Then the "selection factor" increases up to a value of ~ 10 %-5.10"
And if the radar equipment is appropriately positioned relative to
the median direction; around which the position of surfaces varies
according to ¥, then the number of effectively-reflecting inhomoge-
neities increases from 103 to 105-5- 105, and this 31gn1f1es that for
An the values 102-3. lO2 em™3 will be sufficient.

q.

All these considerations are too arbitrary to be taken as the
basis for quantitative calculations. However, they indicate that
the concept of reflecting elements does not cause a ¢risis in our
concepts of the scattering characteristics of sporadic ionization
regions known from experiments. The values of An (elevation of elec-
tron temperature in inhomogeneities above the background) agrees in
order of magnitude with those which Booker obtained for cylindrical
1nhomogenelt1es (5102 em~3). We shall consider that the value An
+~ 3:102 is characteristic of inhomogeneities connected with the ap-
pearance of diffusion waves in the lower ienosphere and is suffici-
ent for the appearance of radio reflections with other necessary
conditions being satlsfled Considering the earlier-introduced con-
dition An/n = 1073, we obtain the requirement for electron concen-
tration in the background:

n>3.107% cn3, (74)

The second limitation, which by physical conditions in aurorae /40
is superposed on the possibility of the appearance of scattering in-
homogeneities, is connected with the value of the electric field
strength. On the one hand, the electric field must even have twice
exceeded Fy (the critical value); on the other hand, it must be lim-
ited from above by a certain value which corresponds to the maximum
possible value of current density. This latter. cannot be well-
defined, since from observation only the value of the total current
in the aurora may be found, while the area of a current cross sec-
tion remains unknown. Despite this fact, an approximate evaluation
may be made. We shall consider that the electric current is uni-
formly distributed throughout the area of section 85. Evidently 8§
is included within the limits of 1012-101* em?2. The total current
in aurorae is evaluated at 3:103-10% A. Therefore it is condition-
ally possible to establish that the maximum current density is
equal to 1078 A or 30 CGSU,

In the 120-90 km altitude range, the following expressions are
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valid for the electron and ion current densities:

—1.54.1014 2
Ji=1,54-10" - E, (75)

1g = 3.13 . 10;151ynT;,'E. ( 76 )

The maximum and minimum current densities may be calculated accord-
ing to the maximum and minimum values of E. These data are also
presented in Table 5. The maximum- possible current density value
limits the possible altitude of the appearance of reflections from
above, the minimum electron concentration from below.

From this it is apparent that in the case of a No. 1 ray arc
reflections may arrive from an altitude of 108 to 99 km, for a 1.5
and 2.5 arc from altitudes of 108 to 95 km and 96 to 93 km, respec-
tively. In the last case the lower limit is set arbitrarily, since
calculations were not made for a limit lower than 93 km. Here the
maximum radio emission wavelength capable of effectively scattering
wave inhomogeneitigs in No. 1, 1.5 and 2.5 aurorae is equal to ap-
Proximately 6.5 m;zthe maximum fading frequencies for these wave-
lengths are equal to 550, 1000 and 2500 Hz, respectively.

The minimum wévelength of a scattered radio emission is deter-
mined from Table 5-with regard to (74) and equals approximately 75
cm. o

Based on analysis of Table 5, it is possible to draw the fol-
lowing conclusions.

(1) Scattering inhomogeneities connected with the appearance
of diffusion waves arise most rapidly near the lower edge of the
aurora on the forward or rear front of a ray arc; i.e., in regions
where the electron concentration is sufficient but there is no pow-
erful energy emission connected with the dissipation of electron
stream energy. o

(2) The more powerful the aurora, the lower the reflection
region lies, all other conditions being equal.

(3) Other conditions being equal, the most powerful aurorae
yield a greater fading rate for the reflected signal.

~(4) The Pangé of wavelengths most effectively scattered by
auroral inhomogeneities is included within the 1-7 m range.

(5) Aurorae not connected with magnetic disturbances and es-
pecially powerful "superheated" aurorae do not necessarily give ra-
dio reflections. ' ‘

(6) If an aurora remains bright and immobile for a long time,
it does not necessarily give prolonged radio refleetions (due to
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"superheating"); on the contrary, rapidly drifting forms ought to
scatter a radio signal better.

Results of Radar Observations of Aurorae in Yakutsk

Systematic radar observations in Yakutsk were begun on Decem- /4l
ber 29, 1963 and conducted according to the IQSY program. Observa-
tions were conducted using remodeled P-8 radar equipment.

Due to the introduction of supplementary apparatus it was pos-
sible to carry out the following types of observations: photograph-
ing the PPI at a rate of up to 3 times per minute for the purpose
of determining the azimuth, distance and type of radio reflections;
visual observations of radio reflections according to the distance-
amplitude index and, if necessary, according to the PPI with or
without stopping the movie film; recording of the level of reflect-
ed signals on an EPP-09 or N-370M recorder; pulse recording of the
amplitude and form of reflected signals on an N-102 loop oscillo-
graph for the purpose of investigating slow (10-20 Hgz) fadings, am-
plitude distribution of reflected signals and for calculating the
correlation function and coefficient of turbidity.

The use of a well-graduated gonlometer permitted us to deter-
mine the position angle of radio reflections with an accuracy up to
1° under the conditions that an ODS-type signal fluctuates little
and its level on the signal-to-noise scale is not less than 5.

The program of observations may be arbitrarily subdivided into
two parts: patrol observations and special observations. Patrol
observations provided a circular survey of the sky for one minute
every 15 minutes. With the appearance of a reflected signal the
radar equipment had to be switched to continuous operation. Here
a movie camera had to photograph a PPI for each turn of the antenna.
Calculation of the amplitude was specified to be carried out visual-
ly on an arbitrary signal-to-noise scale. The transmitter power
levels had to be tested daily by a milliameter, and once a week
the sensitivity of the receiver was measured by a standard GSS-17
generator.

The receiver sensitivity test was also made dally on the basis
of "spot checks". Observatiocnal data were recorded in a Journal;
information on the appearance of reflection was plotted using a
special form in a calendar of reflections compiled for each month.
Observations were not made from 8 a.m. to 5 p.m.

The program of specfal observation corresponded to the scien-
tifiec program of group work and included recording the field level
observations with a fixed antenna (in the direction of maximum re-
flections) and pulse recording of the scattered signal on an N-102
loop oscillograph. Altitude measurement was not carried out in
view of the fact that reflections were unstable and the amplitude
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small. For conducting special observations the requirements for

the capabilities of a radar station were raised. In this connection
a typical P-8 radar station underwent substantial modernization

(cf. the block-diagram of the station in Fig. 6).

The following changes in the block-diagram of a P-8 state
station were conducted. The dc electric motor for rotating the
antenna was changed to an ac motor free of interference. The sta-
tion's power supply was provided by a potential regulator equipped
with an electrical lead, controllable by a tracking system for volt-
age in the grid. The power supply for the receivers and measuring
systems was provided by an electronic voltage stabilizer after pre-
paratory stabilization with a ferroresonance stabilizer. This guar-
anteed high reliability of measurements.

The platform was located 9 km south of the city and reflected
signal reception often had to be conducted under conditions of
strong interference; therefore the radar station was equipped with
a highly effective system for suppressing interference. The opera-
tive principle of the system was based on the fact that interfer-
ence has a rather wide spectrum and may be accepted at a frequency
near but not corresponding to the operation frequency of the radar /42
equipment. T

[
ZG-8 M T M AS [ A
b H
~RFK-5| [ PPI 4 R EM
; GPG
{ ?
IA =~ IR p IS Syn
[ —
Aly - sS _’»» Amp 4 N-370
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Li NS - - "Amp RRel
tAGC. i j
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Fig. 6. Block-Diagram of Patrol Radar Surveillance Yakutsk-l. Blocks
Making Up the P-8 Radar Station Are Indicated by Heavy Rectangles.
Key: T-Transmitter; AS-Antenna Switch; A-Antenna; PPI-Plan Position
Indicator; R-Receiver; EM-Electric Motor; GPG-Gating Pulse Generator;
IA-Interference Antenna; IR-Interference Receiver; IS-Interference
Selector; Syn-Synchro; Alt-Altimeter; SS-Signal Selector; Amp-Ampli-
fier; IFAmp-Intermediate Frequency Amplifier; NS-Noise Selector;
RRel-Reflection Relay; AGC-Automatic Gain Control; CH-Contact Hours;
MFRel-Mounted Frame Relay; SRel-Slave Relay; HVRec-High-Voltage
Rectifier. .
l
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Interference was received on a separate antenna; it was ampli-
fied by an interference receiver, after which the signal from the
interference channel was carried to the interference selector, where
an intermediate frequency voltage also arrived from the signal re-
ceiver containing both the useful signal and the interference. The
selector operated on an anticorrespondence system, and thus inter-
ference was excluded. From the interference selector the signal
proceeded to the altimeter and the regulating cascade of the gain
control. '

From the intermediate frequency amplifier the signal proceéded
to two selectors controllable by the gating pulse generator which was
controlled by the power supply generator of the ZG-8 station. The
gating pulse generator provided controlling signals which unlocked
the signal channel selector at a delayed time equal to 1 msec (300
km in terms of distance). Thus signals from nearby targets ("spot
checks" reflected from airplanes) did not pass through the selector.

Five minutes from transmission time of the sounding pulse, the
signal selector was closed and the noise channel selector was opened.
It remained open for 4 msec and the signal carried to the amplifier,
where it was amplified and integrated. Upon leaving the amplifier,
the regulating voltage signal again proceeded to the intermediate
frequency amplifier. This allowed maintaining invariable signal
tract amplification and excluding the influen.e of constant inter-
ference. The signal from the gating pulse generator was integrated,
amplified by the dc amplifier and entered the N-370 (or EPP-09)
recorder. The amplifier also had an output tc¢ the reflection re-
lay, which through a supplementary relay blocked the antenna and ex-
cluded anode feeding by the control relay. Thus, in. the case of the
appearance of radio reflections the radar automatically switched to
continuous operation.

After the disappearance of veflections the transition of the
radar from a continuous operation regime to operation from the con-
trol hours was delayed for 1-2 turns of the antenna, which served
as controls. Simultaneously the reflection relay closed the chain /43
of acoustic and light signalling, informing the operator of the
appearance of radio reflection. The control relay also directed the
operation of the RFK-5 chamber, photographing the PPI. In order to
avoid creating interference by the receiving equipment used in the
southern surveillance zone, the anode voltage from the generator
lamp could be automatically eliminated for each revolution of the
antenna within the limits of this zone.®

A very important condition for the reception of qualitative
observational material is an exact study of the station parameters.

bConstruction and assembly of the outer blocks of the patrol sur-
velillance was performed by the chief radio technician of the
Auroral Laboratory, V.D. Shvetsov.
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Measurement of power and traveling-waves in antenna cables was

made using a regular thermal ammeter, and control was accomplished
by the anode current of generator lamps. Receiver sensitivity was
measured by a standard-signal generator and controlled according to
the amplitude of "spot checks". Calibration of a recording of a
reflected signal level was made in the following way on an N-370
recorder. The transmitter of the radar equipment was excluded; the
signal from the GSS-17 was given as an input for the receiver in-
stead of the signal from the antenna, tuned to the carrier frequency.
The signal level and modulation on the GSS-17 was advanced with the
exclusion of the transmitter. Then the transmitter was included,
the interference selector was disconnected and the voltage from its
output was replaced by the corresponding constant compensating
voltage, selected so that the N-370 instrument indicated an instru-
mental zero with a completely introduced GSS attenuator. After this
the N-370 was calibrated in microvolts.
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Fig. 7. Radiation Pattern of the Yakutsk~1l Radar Station Antenna in
the Horizontal Plane. ’

Fig. 8. Radiation Pattern of the Yakutsk-I Radar Station Antenna in
the Vertical Plane.

Fig. 9. Calibration Curve of the Yakutsk-1 Radar Station Goniometer.

Measurement of the antenna parameters (radiation pattern in
the vertical and horizontal planes) and calibration of the frequency
meter was performed by means of a low-power transmitter, capable of
being raised to a fixed altitude by a balloon filled with hydrogen.
Measurement of the radiation pattern was made in azimuths near the
direction of maximum reflection. Moreover, for purposes of con- /s
trol measurement of the radiation pattern in the southern sector
a measurement was taken during the passage of the Sun through the
main lobe of the antenna. Both methods gave similar results, The
goniometer was calibrated in parallel with measurement of the dia-
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gram. Results of the measurements are presented in Figures 7, 8 and 9.

The daily distribution of the appearance of radio reflections
was studied from data of 1964-1965 patrol observations in four sea-
sons; spring (from Feb. 1 to April
30), summer (from May 1 to July 31),
autumn (from August 1 to October
30), winter (from Nov. 1 to Jan.
31). As a measurement of a posteri-
ori probability of the appearance of
reflections, we used the ratio of
Summer 1964 the number of 15 minute intervals

per hour of radio reflection obser-

\

\ vation to the total number of 15
minute intervals when observations
were made. Results of the calcula-

Autumn 1964 tions are presented in Figure 10.
Analysis of the graphs leads to the
following conclusions. In the spring
of 1964 the daily distribution com-
Pletely repeats that described in
Winter 1964-1965 [13] for the 1958 observational sea-
son (two maxima: the narrowest at
10 p.m. and widest at 3 a.m.), al-
4_“ugnuL1/\\#\“LLJ.mJAA ; though the total number of recorded
reflections evidently was signifi-
5 L L 1 L L cantly less than in the Internation-
A %hrs, a1 Geophysical Year, especially if
we consider the difference in in-

Spring 1964

Local time

Fig. 10. Daily Distribution strument sensitivity. The winter
of Radio Reflections Accord- season also has the basic features
ing to Season. of a typical daily distribution of

radio reflections for Yakutsk, al-

though in a less distinct form. In
the autumn months of 1964 the dally distribution completely lost the
usual evening peak and the night appearance of reflections was char-
acterized by a great disorder. It appears that in this period the
normal distribution of ionization began to undergo some anomalies
connected with the damping of solar activity. This circumstance was
manifested even more clearly in the winter season of 1964-1965 when,
instead of the usual increase iIn auroral echo activity, a strong
drop in the probability of the appearance of radio reflections was
noticed. Only one daily maximum was noted in each period (daytime
observations were not conducted) at 11 p.m. while usually at this
time a minimum in the daily course of reflection is noted. Mean-
while, it is difficult to say what caused such a change in the daily

course of radio .reflections: space-time redistribution of ioniza-
tion, peculiarities in the behavior of the ionizing agent or combin-
ed activity of both factors. For a solution to this problem, broad

inclusion of ionospheric and magnetic data are necessary.

The investigation of the space distribution of radio reflection
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Fig. 11. A Frame of the Recording Movie Film.
(SDS-Type Signal)

Fig. 12. A Frame of the Recording Movie Film.
(GDS-Type Signal).

was also carried out in four seasons, but only for spring 1964 is 46
there sufficient material for qualitative calculations. For summer
and autumn, the results of observations do not have the necessary
statistical guarantee and are only of an illustrative nature.
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The ‘data was analyzed in the following way. A plotting board
of mm paper in a coordinate system (distance-azimuth) was divided
into rectangles (size: 25 X 2.5°); in each rectangle the appear-
ance of a radio reflection center at a given 15 min interval was
indicated by a point; i.e., if a center existed from 9 to 17 min,
then two points were plotted. If there were several reflection cen-
ters or reflections were sufficiently prolonged, points were also
plotted in adjacent rectangles. Then the number of points in each
rectangle was calculated and isolines were drawn on the plotting
board uniting the centers of the rectangles with equal population
densities. Calculation of the position of a rveflection center was
done on movie film containing PPI photographs on a diascope with a
X10 magnification, using a spectral graph.

If the duration of the reflection along the azimuth exceeded
the width of the radiation pattern, it was considered that there
were two reflection centers and that they were located in neighbor-
ing rectangles. If the duration of reflections more than twice ex-
ceeded the width of the pattern, it was considered that there were
three reflection centers, etc. We filled the c¢ells according to
distance in exactly the same way.

Typical frames of the recording film are presented in Figure
11 (SDS~-type signal) and Figure 12 (GDS-type signal). It is pos~
sible to note the following characteristics of the space distribu-
tion: the similarity of distribution in general features for all
three seasons, and a grouping of the reflections around one basic
nucleus. Only in the summer of 1964 did a second activity center
appear with coordinates of 500 km and 30° .along the azimuth. Rela-
tively large dimensions of the reflection region (550-350 km in
distancej 320°-10° in azimuth [according to isochasm of the half-
number], 720 km and 350° at the center) were observed in the spring
of 1964. In summer of the same year the reflection region was lo-
cated at a distance of 700~950 km with azimuthal angles of 320°-10°,
with a center at 775 km and 345°; finally, in autumn of 1964 the
reflection region encompassed a distance range of 750-1000 km and
an azlmuth range of 340°-25°, Evidently, in Yakutsk, as opposed to
other middle latitude stations, the basic reflection center is only
the western Chapman locus, and the eastern one is usually suppress-
ed, which may possibly be explained by the influence of the eastern
Siberian anomaly [10]. It is necessary to note that most recently
(March, 1965) the eastern locus began to manifest great activity.

The question as to which solap activity phenomena are related
to the appearance of radioc reflections remains open at the present
time.

The impression is created that any processes (including tropo-
spheric) causing an increase of ionospheric magnetic disturbance
may be responsible for the appearance of radio reflections. A year
of minimum solar activity would appear to be a favorable time for
testing similar assumptions. With this object in mind we investi-
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Fig. 13, The Distribution of
Radio Reflections for a 27-Day
Cycle: (1) Certain; (2) Omit-
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bility of Appearance of Reflec-
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Great Probability; the Gap In-
dicates Complete Omission from
Observation.

in the second, etc.

/87
Fig. 1l4. Total Distribution of
Radio Reflections for a 27-Day
Cycle (Only for 1964).
gated the 27-day periodicity in /48

|

the appearance of radio reflec-
tions. In order to do this the
number of 15 minute intervals in
which radio reflections were ob-
served for each day of the 1964-
1965 season were calculated;
their intensity was expressed by
the height of the column on the
graphs in Figures 13 and 1h4.
From the graph it is apparent
that two independent 27-day cy-
cles and several sporadic bursts
of auroral echo activity existed.

The important phenomenologi-
cal characteristic of radio re-
flections is their duration;
however, in connection with the
wise "spacing" of observations
(in the USSR, 15 minute inter-
vals were allowed between ses-
sions) the duration distribution
of reflections is not well-known
for Soviet stations. Despite
the known incompleteness of data,
we have resolved to present a du-
ration distribution of radio re-
flections for the 1964 season
here. Duration is understood to
be the time interval from the de-
tection of a reflected signal to
its disappearance in noise (Fig.
15). The number of reflections
lasting up to 5 minutes is added
in the first column, from 5-10

From Figure 15 it is apparent that most often

reflections of short duration (up to 5 minutes) are observed.
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Analysis of the results also leads to the conclusion that even in
the case where, for technical reasons, there are no gaps in the ob-
servational session, given the contemporary method of recording,

we may observe only 37% of all reflections which could be recorded
with constant operation of the radar equipment. This involves pri-
marily low-amplitude reflections.

As already mentioned, the capabilities of the
R~method in regard to investigations of time varia-
tions of a reflected signal are limited by the fre-
quency of the radar pulse sequence. The radar sta-
tion we used could operate at transmitting frequen-
cies of 50 and 100 Hz, but by using the higher fre-
quency the stability of transmitter operation was
sometimes disturbed and, in the experiments des-
cribed below, the research was carried out at a
repetition frequency of 50 Hz. The station had a
special low ohmic output from which a preliminarily-
detected signal was supplied to the N-102 loop os-
cillograph. The recording was made with an immobile
antenna oriented in
the direction of
maximum reflections
onto a 3 kHz loop.

The tracing speed
% 2% was usually 500 mm/
z
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The narrow, high
Fig. 15. Duration Distribution of Radio Re- peak of the sounding
flections. pulse and the wider
peak of the scatter-
ed signal appears
quite clearly here. The amplitude of the reflected signal was cal-
culated from the lower level of the background. Measurements were
conducted on a diascope with am X10 magnification. The accuracy of
the calculation reached several percent and evidently was less than
the error introduced by the instability of instrument operation.
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In order to evaluate the long-period variations of the ampli-
tude of the reflected signal, it proved convenient to record the am-
plitude on an N-370M recorder (in this case it was not necessary to
fix the antenna so that the possibility for simultaneous PPI photo-
graphy be maintained). Here the amplitude recording appears in the
form of a number of individual peaks on the diagram tape. An exam-
Ple of such simultanecus recording of the signal and the position of
radio reflecting regions according to the PPI is presented in Fig-
ure 17.

In the case of an analysis of echo signal recording on a loop
oscillograph and interpretation of the results, the assumption was
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Fig. 16. Model of a Loop Oscillograph Recording of a
Signal Scattered by an Auroral Reflecting Region.
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Fig. 17. Model of a Recording of a Scattered Signal
Level on an N-370 Recorder with Antenna Rotation
(the PPI Is Filmed Simultaneously).

introduced that we were dealing with a stationary random process.
Also, the parameters of reflected signals such as the amplitude dis-
tribution, w(R;) and the turbidity index B were investigated. Cal-
culations of the parameters were made in the following way: a table
of the values of R; (pulse amplitude) was compiled in the order of
their sequence (Z is the number of the pulse); then a selection was
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made and on that basis the values
. 1 ¥
2
£ “NZ‘J‘R? (77)
and
S B LAY
Ry =Rt = WZR*) (78)
i
were found. Here N is the number of reflected pulses in the selec-
tion, Hence, using the relationship from [74]
R 4(1 +B%expp:
' B (BT
s+ 10 () +een (5) ] (79)
we find B. The amplitude distribution of the signals is determined
according to
Ny(AR))
w(RO==~K§mr—' (80)

where N;(AR;) indicates the number of pulses in the selection with
amplitudes included in the interval from R; to R{ + AR{; N is the
total number of pulses in the selection.
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The distribution of amplitudes of the signal w(R;{), calculated

according to (80) is given in Figure 18.

It is apparent that in

two of the three cases the distribution is almost Gaussian, and in

one case 1t approximates a Rayleigh distribution.
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Fig. 19. Distri-

bution of the De-
gree of Turbidity
Index According
to Frequency of
Cases.

This indicates
that in two of the three cases scattering was
nearly coherent; i.e., part of the signal scat-
tered by noncorrelated, randomly-moving inhomo-
geneities is small. In the case when Booker's
system is valid, scattering must always have a
coherent nature, and w(R;) is described by a
pure Rayleigh function. With the analysis of

8 this circumstance 1s manifested even more
clearly.

It is possible to consider that where B2
2 4.5 w(R;) the distribution is already indis-
tinguishable from a Gaussian one. The measured
distribution of B according to the number of
cases is given in Tigure 19. From 14 measured
values of B only one corresponds relatively well
to the case of incoherent scattering (B = 1.7);
most frequently the wvalue of B is found to be
around 6. It is mnecessary to note that with a

drop in reflections when the scattered signal begins to decrease, B

also decreases.

On the other hand, near the reflection maximum B is

usually large and increases with an increase in mean signal strength.
A model of the time-dependence of the signal from pulse to pulse is

shown in Figure 20.

are small.

It is evident that low-frequency fluctuations

Conclusion

The physical conditions in an aurorae rather sharply differ

from conditions in a quiet ionosphere.

Therefore, before formulat-

ing the necessary and sufficient requirements for "background" upon
which radio reflecting regions are formed, we had to investigate
the question of electron stream interaction with the ionosphere,
chiefly from the standpoint of balance of energy and ionization.

With simple assumptions relative to the distribution of energy
dissipating from the electron stream between radiation and heat, a
connection was successfully established between the energy param-
eters of the current and the parameters of the auroral ionosphere:
the power density of energy sources, the electron temperature and
the electron concentration.

After determining the basic parameters of the "background" up-
on which inhomogeneities responsible for the scattering of ultra-
short wave signals are formed, on the basis of critical comments on
Booker's theory, requirements for the physical characteristics of
auroral inhomogeneities were formulated and a physical model was
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selected: diffusion of gquasineutral waves in plasma. This model /53
was considered from the point of view of the correspondence to con-
ditions in the auroral plasma and stability. Then its characteris-

tics as a scatterer of ultrashort wave signals were considered.

The basic results of the given division may be reduced to the
following.

(1) Fast electrons are the basic energy source and ionization
source in an aurora. Energy is introduced into the ionosphere by
an electron stream sufficient for the creation of luminescence and
maintenance of a high electron temperature in the aurora. If in-
tense intrusion of electrons continues in the same ionospheric re-
gion, it may cause a significant increase in the temperature of the
"heavy gas" (ions + neutrals). The critical time usually amounts
to 102-103 sec.

(2) Assuming that ray arcs of different intensity are caused
by electron streams of equal spectral compositions but different
intensities, with simplifying assumptions of "light output" the
ionization and energy balance in a ray arc and the curve of elec-
tron temperature were calculated on the assumption that the heavy
component of the plasma acts as a thermostat.

(3) Several difficulties are indicated which remain undefined
within the limits of Booker's theory; the cdonclusion is drawn that
scattering inhomogeneities are connected with wave processes in the
auroral plasma.

(4) The process of the formation of quasineutral diffusion
waves was considered as a possible wave process causing the appear-
ance of small-scale, unidimensionally-ordered inhomogeneities in
the ionosphere.

(5) A semiqualitative analysis of the conditions for the ap- 54
pearance of diffusion waves was conducted on the basis of calculat-
ed physical conditions in ray arcs of different intensity. Their
characteristics as scatterers of radio signals for cases of radar
sounding were considered qualitatively. It was shown that the as-
sumption of diffusion waves as scatterers of ultrashort waves does
not contradict the existing observational data.

(6) The automatic interference-free equipment for radar in-
vestigations of aurorae is described; results are presented of an-
alysis of the space-time distribution of radio reflections; it was
shown that during a period of minimum solar activity the space dis-
tribution of radio reflections maintains the basic features of the
distribution found by the IGY. At the same time, unusual activity
of the eastern Chapman locus (spring, 1965) was discovered. The
time distribution undergoes significant changes in the period of
transition to the minimum solar activity; the daily distribution
of a posteriori probability of the appearance of radio reflections
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for autumn 1964 had an important distinguishing characteristic: it
lost the usual evening peak.

It was shown that given the existing program of cobservations
(15 minute "spacing") only 37% of radio reflections were observed
due to gaps in the reflections of short duration.

On the basis of an analysis of the results obtained from ampli-
tude recordings of the reflected signal on a loop oscillograph, an
amplitude distribution of radio reflections was found which, in the
majority of cases, proved to be Gaussian. This circumstance and
also the value of the turbidity index are usually cited as evidence
of the quasicoherent nature of scattering on auroral inhomogeneities.
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ITI. STUDY OF CONTINUOUS ULTRALOW FREQUENCY
EMISSION IN THE AURORAL ZONE

The characteristic radio emission of the Earth's upper atmo- /55
sphere occupies a band from a single Hz to several hundred MHz.
At the present time a large amount of observational material has
already been accumulated on the recording of characteristic radio
emission in the ULT band (it is considered that the ULF band includes
frequencies from 1-30 kHz), the majority of observations being made
in the acoustic range. Observations of frequencies of several hun-
dred MHz were conducted only in individual cases [32, 76-78].

The broadest category of ULF emission are "whistlers". The
cause of their appearance has been determined: they are thunder-
storm discharges. 1In the presence of a discharge, spherics are
emitted with an amplitude having a quasiequilibrium frequency dis-
tribution. Then propagating along force lines of the geomagnetic
fields in the ionized region, the spherics undergo scattering, and
at the point of observation this is heard as a whistle. Whistles
were classified on the basis of the change in their spectral nature
with time. In case of whistles, at each separate moment of time a
low frequency band is observed. Therefore such emission is called
discrete.

The cause of other types of ULF emission and the mechanism of
their generation is not known; therefore the overwhelming majority
of investigations dedicated to the phenomena are of descriptive
nature. At the present time continuous emission (hiss™ and dis-
crete emission; "dawn chorus") has not been satisfactorily explained
(at least there is no single explanation).’ It was established
that "hiss" agrees well with geomagnetic disturbances. In the
presence of constant recording, "hiss" is viewed as a series of
individual broad band pulses lasting as long as an hour and some-
times repeating over the course of tens of hours.

The basic difference between "dawn chorus" and "hiss" consists
in the fact that the former clearly shows short discrete lines
("nusical tones") on spectrograms with a high resolution time. The
ear perceives them as "bird chirping". "Dawn chorus" is observed
basically at geomagnetic latitudes between 45 and 65°. There is an

7In the literature, continuous emission is also called "noise",
"geomagnetic noise™ and "auroral hiss".
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interesting dependence between the time of its appearance and the

latitude. At low latitudes "choruses" appear in the early morning
hours (hence the name "dawn chorus™) and at high latitudes the
maximum probability of their appearance is shifted toward noon. As

in the case of "hiss", "dawn chorus" shows good agreement with geo-
magnetic activities.

In our opinion, the constant ULF emission may be divided into
three basic types distinguished by a time envelope: (1) "higs"
connected with aurorae; (2) isolated noise pulses and noise storm;
and (3) elevated background of noise emission.

Some General Results of Observations of
Ultralow Frequency Emission

As a result of terrestrial measurements 1t was found that the /56
flux density of continuous ULF emission lies within the range of
6.10 18W/m2.Hz to 10~ '* W/m2.Hz. The greatest flux density corres-
ponds to the low frequency. Many investigators (for. example [791])
consider that the flux of an emission source has a smooth spectral
curve and in the immediate vicinity of a source a value of 10-10
W/m?2+Hz. Variations of the frequency-amplitude pattern are caused,
in their opinion, by absorption in the ionosphere and by peculiari-
ties of the propagation of ULF in the Earth-ionosphere waveguide.

From observations of whistling atmospheres, Chapman and Macario
[80] found that the absorption coefficient at a frequency of 5 kHz
for a path in the Earth-ionosphere waveguide by day amounts to 8 dB
at 1000 km, and by night it totals 4 dB at 1000 km. From similar
observations at a frequency of 5 kHz in the case of signal propaga-
tion above the ocean, Taylor [81] obtained an absorption coefficient
in the range of 5-11 dB at 1000 km. Special measurements of the
absorption coefficient in the ionosphere were conducted on the
"Lofti 1" [82] satellite. For frequencies of 8 kHz absorption fluc-
tuated: 33-U45 dB by day and 4-29 dB by night, Rocket measurements
at a frequency of 512 kHz [83] indicated that the passage of a signal
through the ionosphere at night weakens it by approximately 40 deci-
bels. During geomagnetic disturbances, absorption sharply increases.

On the basis of data on the absorption of ULF waves, Australian
investigators [8u4] undertook an attempt to determine the position
of an emission source by observations at four points. They succeeded
in making only a rough evaluation. ULF sources have an oval shape
around 500 km in diameter and are located somewhere in the auroral
zone.

According to data obtained on the satellite "Injun 3" [85],
sources have diameters of several wavelengths; i.e., on the order
of 3° or greater in width since an evaluation of the diameters was
made-at a height around 300 km, and the source was assumed to be
located at the upper boundary of the magnetosphere. There is still
no clear concept of the position of the source.
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From measurements of ULF emission connected with aurorae by
"Injun 3", the magnetic spectral emission density at frequencies
lower than 10 KHz exceeds the terrestrial value by 108 times and
amounts to 3.6°10-7 y2/Hz. The maximum energy flux calculated for
these frequencies amounts to 8.0°10"7 erg/cm?:sec, if at an altitude
of 300 km the electron concentration is assumed to be egual to
5:10° cm~3, Measurements of the energy flux of electrons > 10 keV
conducted simultaneously gave a value of 10.0 erg/cm?-.sec. There-
fore the authors [85] put Kellogg's point of view [86] in doubt,
considering that ULF emission may cause acceleration of electrons,
producing aurorae.

A large volume of observational material on the recording of
noise storms and isolated flashes, which we relate to the second
type of continuous ULF emission, was studied by Australian inves-
tigators [84,87]. ©Noise storms usually appear at the time of geo-
magnetic storms and several hours afterwards. These isolated
flashes as a rule are observed during the magnetically quiet period.
Noise storms encompass the entire ULF range, being grouped in
several broad bands. A maximum of the lower band (around 3 kHz)
undergoes significant variations in amplitude and frequency depend-
ing on the level of variation of the geomagnetic field. The maxi-
mum amplitude of isolated flashes is distinuished by its good
stability and usually lies at a frequency of 2-3 kHz. Sound storms
sometimes last for tens of hours; the duration of isoclated bursts
is usually less than an hour.

According to the results of Ellis's investigations [88],
noise storms have a tendency to be repeated after an average of
23.5 hours relative to the original burst, and bursts on adjacent
days almost repeat the amplitude variations. In the case of
simultaneous observations at 4 points spaced in longitude, it
appeared that individual bursts of noise storms and noise storms
at western stations appear later than at eastern stations. Ellis
explains this by the fact that the ULF source is not completely
expended during one revolution of the Earth and remains ceonstantly
located in a position of straight ascent.

After noise storms and significant geomagnetic disturbances,
an elevated background of noise emission is frequently observed.
But there also exists a regular elevation of the noise background
in night hours. The background level at each fregquency of the ULF
band does not reach a maximum at the same time. Information on
the investigation by other authors of the regular elevated noise
background with a smooth time envelope is not known to us.

On the Theories of Ultralow Frequency
Emission Generation

The only possible means for the transfer of ULF emission

energy from the exosphere to the Earth's surface is by means of
whistles (along geomagnetic force lines). For usual waves of the
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ULF band, in the case of a quasilongitudinal distribution the co-
efficient of refraction is determined with a sufficient degree of
accuracy [89] by the expression

nt=1+ ? ) (81)

— u
Vucma—l&E;QMa+k

where v = w%/wzg u = w%/w2 where w 1s the angular frequency of a
wave; w% = 4ne?N/m is the plasmatic (Langmuir) frequency N is the
electron concentration; o is the angle between the direction of the
waves and the magnetic force lines; s=v/w; v 1is the frequency of
collisions.

Ignoring collisions and excluding very small values of cos o
and rather high frequencies when Vu# cos a ~1, there results that
propagation of the usual waves is possible only under the condition

Vu cosa = wncosa>1 (82)

w .

This signifies that only waves whose frequencies do not exceed the
minimum value of the gyrofrequency on the propagation path may pass
through the ionosphere.

Where w =wp, the refraction coefficient becomes indeterminate
and absorption very great. For extraordinary low frequency waves
n? is always less than zero; i.e., propagation 1s forbidden.

It is necessary to note that the possibility of propagation
of ULF waves through the ionosphere to the Earth's surface is
created by the interaction of normal waves. In a magnetoactive
heterogeneous plasma such as the upper atmosphere, ordinary waves
are propagated. In the region of interaction where v &= 1, they are
transformed into extraordinary waves. TFor the ULF band this band
is located at altitudes of 20-70 km.

Cyclotron ‘emission is caused by a flux of nonrelativistic
charged particles. In the presence of cyclotron excitation, the
frequency of a generated wave in a frame of reference connected with
the flux is equal to the gyrofrequency of particle flux. For
electrons with w = wy, propagation by means of whistles is forbid-
den due to the indefiniteness of the refraction index. But with
regard to the Doppler frequency shift it is possible to explain
noise in the 750 Hz band and even certain types of discrete emis-
sions by cyclotron emission. The frequency of the emittable wave /58
in this case 1is

(83)
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where B = v/¢ and n is the refraction index of the emitted fre-
quency. For energy protons it is possible to choose the value #n
such that w will not be comparable to Q,. But the power of the
gyroproton emission may be sufficient to be detected on the surface
of the Earth in the case when protons emit coherently.

Synchrotron emission of electrons is more effective that that
of protons since the emissivity is inversely proportional to the
square of the particle mass. Synchrotron emission is excited at
frequencies of multiples of the electron gyrofrequency. But in con-
trast to cyclotron mechanisms, emission is caused by relativistic
electrons. Therefore the radiated frequency is

0 = o (1 — B, (84)

This type of emission evidently may exist only in rare cases, since
the observable emissivity may only provide electrons with minimum
energies from 0.5 to 1 MeV.

It is possible to assume the presence of synchrotron emission
caused by relativistic protons. However, according to available
experimental data, such protons are insufficient to explain the
observed emission intensity, even if most of the energy of these
pPprotons were transformed into ULF emission.

Plasma oscillations are excited by hard particles at fre-
quencies w% = Yne?N/m, where N is the particle concentration. Al-
cock [90] considers that the mechanism of plasma oscillations may
explain "dawn chorus". Clouds of intruding hard particles will
excite oscillations at successively lower levels. TFor an observer
on Earth the oscillations will appear as a series of rising tones.
It is considered that such a process may be caused by the third
type of solar radio flares.

The excitation of proton plasma oscillations is also possible,
the conditions for their propagation being favorable for the entire
frequency range greater than 500 Hz. But such a "proton" process
may not provide an unusual intensity of emission.

The mechanism of Cerenkov radiation was assumed by Ellis [91]
as the explanation of broad band ULF noises of the exosphere.

Cerenkov radiation of a relativistic electron originates at a fre-
quency w for which

1 —Byn(oz)cosa = 0. (85)

Excitation of waves takes place only if the condition Vo > Uy T
w/k is satisfied, where vy is the velocity of electron flux3 KIT
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is the projection of the wave vector k onto the direction of flux
motion (it is considered that a flux moves at a small angle to the
geomagnetic force lines). Moreover, it 1s assumed that an equilib-
rium function of particle flux distribution is isotropic in a
reference system connected with a flux. The refraction index may
with a sufficient degree of accuracy [cf. (81) and (82) where o = 0]
be written in the form

n v

T Va1 (86)
It will be great near the gyrofrequency (the value lwn - wl is
small). Therefore ULF emission will be observed even for relatively
slow electrons (vg ~ 0.le). Emission will be broad band with a /59
sharp cutoff at the higher frequencies. If we assume the Fflux

velocity of the electrons be equal to 10° cm/sec, the flux density
on the order of 10 cm~3 and the interaction distance 2000 km, then
for the frequency 5 KHz the emission flux will be 10-1°% v/m2.Hz.
This value is significantly lower than that observed. But if we
consider that small (diameters. < A) and rather close bundles of
electrons radiate coherently, then a comparatively small number of
such bundles is sufficient to explain the observed intensity of
emission.

"The mechanism of Cerenkov radiation was originally applied
for studying laboratory plasma. But the terrestrial exosphere is
a highly anisotropic and scattering medium; therefore, the emission
mechanism in it evidently is more complicated, since this mechanism
cannot explain many characteristics of broad band ULF noise.

Gallet and Helliwell [92] assume that in the case of ULF
wave generation a mechanism in the exosphere acts similar to
amplification in a traveling-wave tube. In a traveling-wave tube
an electron bundle and an electromagnetic wave are propagated along
the axis of the tube. The weak wave structure reduces the phase
velocity of a wave to a value significantly lower than the velocity
in free space. In addition, there is interaction of the longitudi-~
nal component of the electric field of a wave with electrons of
the bundle. If a maghetic focusing is used in the tube, then with
equality of the longitudinal component of the electron velocity
and the phase velocity of the wave, electrons will transmit energy
to the wave. The wave amplitude begins to increase exponentially.

In the exosphere, electron streams and ULF waves are propa-
gated in the tubes of force of the geomagnetic field. The inhibit-
ing structure of the laboratory traveling-wave tube 1is replaced by
the increasing component of refraction index by means of whistles.
Therefore the longitudinal component of an electric field of a
wave will interact with the electron stream. The amplification of
ULF waves originates at a frequency w, for which the electron
velocity Be is equal to the phase velocity of the wave e/n.
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With the condition #B = 1 and assuming n? >> 1, from (81) it
is possible to find:

e !

From this it is apparent that in the longitudinal direction
there are two frequencies: w; and wp, the value of which depends on
wg, Wp and the bundle velocity v. ’

The condition for the existence of Cerenkov radiation is
nB > 1. Therefore radiation takes place in the tube frequency
ranges from 0 to w; and from ws to W . If it 1s considered that
radiation is possible only along a force line, then there will only
be two emitted frequencies: wj and wsp.

If the electron stream consists of monochromatic electrons
and the stream length is on the order of several hundred km, then
at each given moment of time two narrow frequency bands will be
amplified. For an observer on Earth these bands will be seen as
varying tones. Gallet and Helliwell indicated that the time-depen-
dence of the frequency of one of these bands will be near the ob-
served discrete type ("hooks" and quasiconstant tomes), since the
frequency wj = (v/e)? w%/wn is almost constant while the stream is
in the exosphere and will swiftly increase when the stream enters
the upper ionosphere.

One Insufficlency of this theory 1s specifically that good
agreement with experiments is only obtained for spectrograms in the
form of "hooks".

For an explanation of the mechanism generating steady ULF
emission in the upper atmosphere, laboratory investigations of the
interaction between originally nonmodulated beams of charged parti-
cles and plasma are very valuable in our opinion. As a result of
these investigations, around 20 different types of convective in-
stabilities [95] were detected. At the basis of these instabilities
lie three elementary processes; the Vavilov-Cerenkov effect, the
anomalous and the normal Doppler effect. The condition of cyclo-
tron excitation of electromagnetic oscillations in the case of an
anomalous Doppler effect may be written:

— _%res (88)
vﬂ/vq, —1 !

where vy is the beam velocity; Wpeg is the Larmer or the Langmuir
frequency of the beam. The excitation of waves, as in the case of
erenkov radiation occurring with the equilibrium distribution
function of beam particles cf low density, is isotropic in a ref-
erence system connected with the bundle and vy 3_vph = w/k. The
transition of beam particles into oscillators and emission takes
place due to the energy of longitudinal motion.
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In the case of a normal Deppler effect, emission always occurs
if beam particles have an initial transverse energy. Emission
arises where vy < vph and even where vy = 0. The only condition
for the existence of the effect is the space and phase grouping of
particles in the field of an electromagnetic wave. More bundle
particles must be concentrated in the region of phases where parti-
cles give off energy to the electromagnetic field than that where
the particles absorb it. In the case of isotropic distribution of
beam particles, under the conditions of a normal Doppler effect
cyclotron wave damping takes place.

In the theoretical interpretation of laboratory investigations
of gas discharge plasma at low pressures, several difficulties
arise [93]. These difficulties are connected with determination
of one of the most Important characteristics: the amplitude of
oscillations, for which it is necessary to know the energy spectrum
of the initial noise and thermal fluctuations of the particles in
the beam; consideration of the reverse action of excited oscilla-
tions on the distribution function of beam electrons (with an in-
crease in the amplitude of oscillations, the synchronism between
beam and field is disturbed); investigation of transition from
linear to nonlinear oscillations and determination of the amplitude
of steady oscillations. In application to ULF generation in the
upper atmosphere, it is important to investigate the question of
coherent radiation intensity of electron bundles with nonlinear
interaction with the ilonospheric plasma.

Laboratory investigations of electron bundle-plasma inter-
action in the magnetic field permitted determining the spectrum of
excitable oscillations, the increments of their increase [93]1 and
energy losses of a beam. In [94] it is shown that in the case of
beam-plasma interaction in a quasilinear approximation the beam
loses up to 75% of its own kinetic energy (30% of these are ex-
pended on plasma heating, 30% on excitation of transverse electro-
magnetic radiation and longitudinal waves of discharge density, 15%
on beam heating).

In [95] it was established that the appearance of high-frequency
oscillations is always accompanied by evidence of low-frequency
ones, and there is a definite connection between them:

0. =0}y Mim, (89)

where w is the observable low frequency; m is the electron mass;

M is the ion mass; wg is the electron plasma fregquency. It is also
established that the amplitude modulation of low-frequency oscil-
lations 1s a function of pressure. With an increase in plasma

pressure from 5:10-% to 3:10-° mm Hg the modulation period decreases
from 10 to 10-° sec. With a pressure drop (to 10~7 mm Hg) oscil-
lation becomes instable; with a pressure increase to 3-10"° mm Hg /61
the amplitude of low-frequency oscillations drops sharply to zero.
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It is interesting to note that this pressure threshold corresponds
to the pressure in the upper atmosphere at an altitude of approxi-
mately 120 km.

Equipment

Observations of ULF radiation of the upper atmosphere were
conducted with the aid of equipment prepared in the Auroral Labora-
tory of the IKFIA Yakutsk Division, Siberian Department of the
Academy of Sciences, USSR. Observations were made 1in experimental
conditions in the region of Tiksi Bay.

To magnetophone

Calibrator!

Fig. 21. Fundamental Plan for a Broad Band Amplifier
of ULF Emission.

In 1962 ULF emission was recorded using equipment which is
described briefly in [96]. To receive the magnetic component of
the ULF signal a horizontally located framework antenna was used.
The broad band preamplifier, filters, and output instruments were
made on electron tubes. The equipment was intended for recording
ULT signals on photographic film from an oscillograph screen on
12 channels in the range H0 Hz to 14 kHz. The signal was recorded
continuously at a frequency of 11 kHz with recording on a diagram
£film N-370M. The remaining channels were observed by periodically
photographing the signal on the oscillograph screen, since the
measures undertaken to eliminate interference (feeding the filaments
of the preamplifier tubes from accumulator batteries, noise filters,
screening) did not give the necessary results.

In 1963 an attempt to record ULF radiation connected with
aurorae in the band 450 Hz to 11 kHz was accomplished on a magneto-
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phone. A ferrite rod with a 2450-turn coil was used as the re-
ceiving antenna. The length of the rod was 30 cm, the cross sec-
tional area 4 cm?. A five-cascade transistor amplifier with an
emitter repeater at the input (Fig. 21) was used as a ULF receiver.
The signal levels were tested by an arrow indicator. Simultaneously
an auditory test was conducted. Signal recording at selected mo-
ments of time was accomplished by means of a "Reporter-3" magneto-
phone. Accumulator batteries were used as power sources. Observa-
tions were made in field conditions 35 km from sources of grid in- /62
terference. A substantial shortcoming of the observations conducted
was the absence of operative data on the state of the icnosphere

and the geomagnetic field.

A transistorized 6-channel recorder of ULF radiation was pre-
pared for the 1954 observation season with an AC recording coulome-
ter N-370M. The power supply of the receiving Iinstrument was di-
rectly provided by accumulators and the power supply of the N-370M
motors by a transistor voltage transformer.
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Fig. 23. Schematic Diagram of Broad Band Linear ULF
Amplifier with a Low Inherent Noise Level.

T;~Tg: PL16B-Type Transistors, Bagve = 70; Tig: P25A-Type:
Dy_o: D9B-Type; D3z.y: DBOB8-Type; Tri- wy= 400 V, ¢ 0.21;
wy = 100V, @ 0.33.

A permalloy rod (up = 20,000) 80 cm long with diameter d = 0.83
cm served as an antenna for the recorder. The antenna coil (2000
turns) was broken into three sections and located in the middle of
the rod. The antenna parameters were calculated by the method
described in [97]. The effective antenna area was u%®Sn = 200 m2;
the calibrated coil was wound uniformly along the entire length of
the rod. The antenna was continuously oriented with the axis
approximately along the magnetic meridian.
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The input of the receiving equipment is asymmetrical, constructed
based on an emitter repeater system. The input resistance in the /863
working range is not less than 20 k. After three preamplifier
cascades a broad band signal reaches the buffer cascade; at its
output there are two-cascade, narrow-band active filters, set at
frequencies of 2.4, 4.2, 5.6, 8.2, 11.0 and 14.0 kHz. After sup-
Plementary amplification the signal proceeds to the N-370M recorder.

With the appearance of a ULF signal of sufficlient amplitude on
the 6-channel recorder, a broad band signal was periodically re-
corded on a "Reporter-3"-type magnetophone. A ferrite antenna was
used for signal reception. '

~ The continuous ULF radiation was recorded at Muosty Island,
40 km away from sources of great interference.

In 1964-1965, the 6-channel recorder system was perfected. In
order to eliminate pulse interference a system for one-directional
signal integration was used. A supplementary channel at 800 Hz was
introduced. The transmission bands of the filters were approxi-
mately equal and, at a level of 0.5, contributed 3% of the fre-
quency of each channel. A schematic of the 1964 variant of such a
recorder is presented in Figure 22. The fundamental parameters of
the 1965 variant using a broad band antenna are represented in
Table 6.

For recording a broad band signal, a transistor line amplifier

with a low inherent noise level was prepared. The amplifier sensi-
tivity in the band 50 Hz to 20 kHz is 1.5 uV. The input resistance
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throughout the range is 50 k2. A sche-
matic diagram of the amplifier is given
in Figure 23. The receiving antenna
for the broad band recorder is 120 cm
long, with a diameter of 1.33 cm, p¥* =
2800 and 1500 turns (nu*S = %20 m2).

With the aim of improving receiver
antenna efficiency for a 7-channel ULF
recorder, the plate assembly of the rods
was enlarged to d = 1.18 cm. The effec-
tive area of the antenna became #u%s =
360 m?. The antenna coil had 2400 turns.

In order to conduct simultaneous
pPatrol observations of continuous ULF
radiation at several points, l-channel
recorders at a frequency of 4.0 kHz were
developed and prepared. A schematic
drawing of such recorder is presented
in Figure 24. The bandwidth of the
active filter at the 0.5 level amounts
to 200 Hz. Antennas were prepared from
layers of transformer steel upg = 10,000.
The length of the antenna is 100 cm,

d = 1.6 em, u®S = 2000; the working coil
has 3600 turns, the calibration coil 200
turns. The construction of antennas

for all recorders is similar to that of
the induction detectors described in [97].
The antennas are connected to the recorder
imputs by types RK-1 and RK~101 coaxial
cables 7-12 m long (selection of the

cable length was partially determined by
the requirements of the antenna fre-
quency characteristics).

The comparatively low inherent noise
level of the equipment was reached by
use of semiconductors with a large ampli-
fication coefficient (B ~ 100-150) at
the input and with a small current of
1 k@, the selection of an optimal input
resistance and low voltage supply of the
input cascades. The preamplifier system
with a direct connection and normal emit-
ter proved to be very effective with re-
gard to noises. The introduction of
thermocondensation allowed ignoring cor-
rection for temperature in the 15-30°C
range. The same power supply stabiliza-
tion ensures a constant amplification
coefficient of the recorders and voltage
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variation within limits of 16-20 V. The normal voltage of the
power supply is 18 V. Recordings of the ULF signal on 7-channel
and patrol recorders was made on a dc N-370M on scales of 5 and
15 mA.

Measurement Methods of the Intensity of Ultralow
Frequency Emission Flux

The absolute intensity of the flux and spectral densities of
continuous ULF emission were measured in the following way. In the
usual case the spectral intensity of a ULF flux may be determined
according to the formula

J = i;f _____( u-iz.iﬁd()-s )gi

7 (90)

where E is the electrical component of the voltage of the ULF field
in V/m; H is the magnetic component, A/m; # is the emf of the sig-
nal, uV; w is antenna sensitivity, uV/my; 2 is the impedance of
free space, equal to 120 w ; Af is the transmission band of the
recorder filter at the 0.7 Hz level.

Fig. 25 Fig. 26

The spectral intensity of the flux may also be determined by
the ULF emf induced in the antenna, knowing the effective area of
the antenna, the sensitivity and the equivalent input incidence
of the recorder: ‘

_ Wk
J_—R

e.in DS gy (91)

where u is the emf of the signal in uv; k(f) is a coefficient in-
versely proportional to the sensitivity of the antenna. The

measurement of Ry ipn as a function of frequency was performed aeccord-

ing to the method shown in Figure 25. According to this method

Re.in(f) = %%-R. The value of R was 35-40 kf.

Antenna sensitivitiy w in uV/my was measured according to the
system in Figure 26. A signal from an audio frequency oscillator
MO-10 (SG-2) was supplied to the calibration coil of the antenna.
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The current in the calibration coil (200-100 uA) was measured by a
T133 thermal microammeter. The emf of the signal on the antenna
output was measured by a tube millivoltmeter connected by the work-
ing cable to the recorder input. The magnetic field of the voltage,
creating an emf measurable at the recorder input, was determined

by the well-known formula

H = 04wl afcn,

where w is the number of turns of the calibration coil; 7 is its
length; I is the current in A. The sensitivity of the broad band
antenna at the working frequencies of the recorder is presented in
Table 6.

The recorder is calibrated by a low-frequency noise generator
G2~1. The noise signal was supplied from this generator through a
supplementary attenuator at 60 dB directly on the output of the
recorder.

The following measures proved to be most effective in combat-
ing interference while recording continuous ULF emission:

(a) application of a magnetic antenna, permitting the use of
a deep minimum in the radiation pattern for decreasing the amplitude
of local interference by 2-3 times; blizzard interference, arising
due to the magnetostriction effect, was practically reduced to
zero (a wind of 25-30 m/sec did not influence ULF recording); in
order to do this quilted sacks were put on the antennas and they
were dug into the snow; .

(b) removal from sources of network and industrial interference
by a distance of 30-40 km;

(c¢) application of a system of one-directional signal integra-
tion, cutting pulse interference and discrete types of emission;

(d) auditory control of the broad band signal; a radio station
in the ultralong wave band during the period while observations
were being conducted was not listened to; time signals were usually
given from ordinary contact clocks for the recorder input.

Observation Results of Continuous Ultralow
Frequency Emission in the Auroral Zone

The first experiment on recording continuous ULF emission was
conducted in March and April 1963 at Tiksi Bay. As a result of
the observations made, data were obtained on the connection between
ULF noises and the state of the ionosphere, the behavior of the
H-components of the geomagnetic pole, a change in the total flux
of optical luminescence of aurorae according to electrophotometer
data on the entire sky and with visual observations of aurorae.

In a majority of cases a ULF emission maximum at 11 kHz

corresponded to a maximum of the integral light flux from aurorae,
but no detailed connection between them was observed. With analysis
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of simultaneous visual observations, a closer connection appeared
between the ULF signal and auroral activity. An increase in signal
amplitude accompanies an elevation of auroral activity but then the
signal drops sharply. The most probable cause of this is an in-
crease in lonospheric absorption, since during complete absorption
of radio sounding waves a signal appeared on the recording only
during great disturbances of the geomagnetic field (variations of
the H-component > 400 y). Evidently this explains the fact that
during active ray forms of aurorae [96] the signal was small within
the limits of the frequency band of the recorder.

Moreover, it was established that with the appearance of an /66
Eg layer in the ionosphere there is always a signal on the ULF
recorder. 'In the case of homogeneous and pulsing forms of aurorae,
ULF noise was detected at all frequencies but, unfortunately, a
quantitative evaluation of the signal amplitude could only be done

at a frequency of 11 kHz.

Observations of ULF emission in a broad band frequency with
recording onto a magnetophone provided an explanation of several
spectral regularities of radio emission connected with aurorae.
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Fig. 27. The Relative Distribution
of Signal Amplitude According to
Spectrum. Data from Observations of
Aurorae are given at Left.
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Due to the lack of in-
struments necessary for cal-
ibration, a qualitative
analysis of the obtained
magnetophone recording was
performed. With each re-
production the signal was
recorded on one of the
consecutively selected fre-
quencies with an 8% band.
Calculation of the amplitude
was performed relative to
the quiet signal level re-
corded in a period of com-
pPlete atmospheric absorption.
Then correction was con-
sidered on nonequilibrium
of the Ci4-7 analyzer char-
acteristics. As a result
we obtained a relative dis-
tribution of amplitudes
according to spectrum and
its variation with time
(rigs. 27,28).

As a result of record-
ing analysis 1t was estab-
lished that ULF emission
connected with aurorae is
grouped into two cross bands.
The maximum of one of them



varies within the range from 2-5 kHz. Here the increase in ampli-
tude of variations of the H-component of the geomagnetic field
corresponds to the increase in maximum frequency. Bursts of ampli-
tude of the ULF signal also correspond to abrupt changes in the
H-component.

The second maximum is more stable and lies in a frequency /67
range from 7-11 kHz. During one aurora the maximum does not shift
by more than 0.5 kHz. Amplitude variations in this band are small

in comparison with the lower one, but the maximum amplitude is
usually less.

Comparison of the results of spectral analysis of ULF emission
with visual observations also permits drawing the conclusion that
the increase in signal amplitude throughout the recorded range and
the shift of the maximum of the lower band toward the higher fre-
quencies (up to 5 kHz) correspond to an increase in auroral activity.

The auditory test which was simultaneously conducted allowed

interference to be fixed. For the entire period of night observa-
tions from April 2-15, 1963, no instances of the appearance of
atmospherics were observed. Thirty-nine magnetophone tapes were

recorded and analyzed (15 min).

From February 28 to April 3,

f, KHz 1964, recording of continuous ULF
10 T-LJ] emission was taken on 6 fixed
B frequencies. A total of 573 hours
of recordings were made. Where
possible recording was made con-
5 tinuously (the recorder was switch-
ed on during the time of accumu-~
lator discharges). Before begin-
a o : ning and at completion of obser-
‘ vations, the recorder was cali-
5 w0 5 brated and its amplitude chérac—

t, min, teristics were taken depending
on the supply voltage. The
temperature stabilization of the
recorder ensured a constant coef-
ficient of amplification and
temperature range from 15-25°C.
Therefore correction for temperature change was not considered in
analyzing the results. A tracing speed of the diagram tape on the
recorders of 180 mm/hr was selected, which permitted a detailed
analysis to be made of the time changes of the amplitude-frequency
curve of the signal. Change in the antenna parameters (sensitivity
in the measurement range and frequency curves), the input resistance
of the recorder and the bandwidth of individual channels (at the
0.5 level) made it possible to determine the absolute spectral den-
sities of the ULF emission flux.

Fig. 28. Shifi of the Maximum
Frequency in *the Spectrum with
Time.

As a result of preliminary analysis of the obtained data three
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types of continuous ULF emission of the upper atmosphere were
separated and absolute values of electric and magnetic spectral
intensities of the flux were determined. With the analysis of re-
cordings of ULF emission on 6 fixed frequencies for comparison and
the establishment of the connection with other geophysical phenomena,
the following data were used: data on the recording of variations
of H-, D-, and Z- components of the geomagnetic field obtained at
the point ULF recording; data on vertical radial sounding of the
ionosphere; data on the absorption of cosmic radio noises at a fre-
quency of 30 MHz and data on visual observations of the aurorae.
Moreover, there are data on simultaneous observations of the inte-
gral light flux from aurorae obtained on an electrophotometer of
the entire sky; data on photographic observations on a C-180° cham-
ber; data on the recording of terrestrial currents and radar obser-
vations of aurorae at the Yakutsk-1 station. However, these data
have not yet been analyzed.

The first type of ULF emission of the upper atmosphere re-
vealed a close connectlion with auroral phenomena and the Fg layer.
The appearance of traces of ULF emission, usually on all channels
of the recorder, corresponds to the appearance of a homogeneous arc
of luminescence at the horizon. With further development of the /68
aurora and an increase in its activity, the amplitude of the ULF
signal sharply increases and undergoes strong variations in frequency
and amplitude. It is characteristic that rapid variations in
amplitude at various frequencies are divided in time (units of
seconds), but envelope changes of it after sSeveral minutes at
various frequencies are similar. A typical recording of ULF signal
on 5 frequencies is presented in Figure 29. As indicated above,
the amplitude-frequency curve of ULF noises connected with aurora
has a double-hump distribution. This distribution is almost always
maintained, but the maximum amplitude of the lower band is often
shifted toward the higher frequencies when auroral activity appears.
The recorded maximum frequency was 6 kHz. The curve of spectral /69
variations is given in Figure 28. The characteristic distribution
of spectral flux density in relative units is presented in Figure
30. The spectral flux density in the lower band is almost higher
than in the upper band. Individual cases are an exception.

With the further development
of the aurora, when very active
ray forms appear at the zenith,

\ the signal usually disappears at
\ all fregquencies and appears only
\

in the case of very great geo-
magnetic disturbances, even with
BN complete absorption of the waves
’ . \\ of vertical radio sounding (for

Z 4 ¢ 8 1w 12 "KHz example, March 31, 1964 at 16 h
Fig. 30. Distribution of ULF 49 m GMT). After the auroral dis-
Spectral Density According to integration phase, the ULF signal
Frequency. usually disappears, although

~ N R A ™Y
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visually individual rays, fragments or ray arcs and a veil are still
evident. This fragment may be explained by the increase in absorp-
tion in the lower layers of the ionosphere.

Then with the appearance of aurorae in the form of pulsating
spots, the signal reappears, the pulse frequency of this amplitude
corresponding to the pulse frequency of visual optical illumination.
Additional experiments on synchronized recording of ULF and lumi-
nescence of aurorae in resolved lines permit establishing a detailed
connection between them. The maximum intensity of the ULF emission
flux connected with aurorae throughout the band does not exceed the
value 3 . 10716 W/mz-Hz in our experiments (March 17, 1964, 15hoom
GMT). A typical distribution of ULF emission according to spectrum
is presented in Table 7.

TABLE 7
Date, Loc-{ Fre- | Signal Spectral Flux
al Time jquen- | Ampli- Density Inten-
CY, tude, | uV/m. A/m-Hz% sity
kHz uv Hz? «10 (W/m2.Hgz
3/4/65 0,77 0,065 0,51 4,42 .2,8-10718
h, .m 2,49 0,4 0,62 .4 1,1-10738
01710 417 | 08 0,58 5.9 3,2.10°18
5,51 1,1 0,54 4,3 2,2-10°18
8,15 1,3 0,41 3,9 1,6-1071
11,65 0,65 0,15 4,0 5,8-1016
14,16 0,47 0,09 4,2 3,6:10716
3/u4/64
ho om 0,77 — - - —_
2335 2,49 0,24 0,37 4,4 1,7-10°1
4,17 0,32 0,23 5,2 5,6-10°1
5,91 0,7 0,34 2,7 8,6-10-16
8,15 1.2 0,38 3,6 1,3-1071
14,65 0,75 0,17 4,6 7,8-10718
14,16 0,37 0,07 3.3 2,3-1071¢

For determining the connection between ULT emission of the up-
per atmosphere and visually observable aurorae, a standard distribu-
tion of their appearance in time was constructed. Histograms of
this distribution are shown in Figure 31. TFrom the figure it 1is ap-
parent that in both cases there are three clearly-defined maxima
which correspond in time. The evening maximum occurs at 11 pm loc- /70
al time, the night maximum at 1 am and the morning at 4 am. The
imprecise correspondence between evening and morning maxima may evi-
dently be explained by unfavorable conditions for visual observations
(haze and solar illumination of the upper layers of the atmosphere).
Moreover, without detailed spectral analysis 1t is not always possible
to reliably separate the first type of noise from the third type.

During the operation of the 6-channel recorder, the broad band
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signal was constantly controlled by ear. This made it possible to
determine sources of interference and to record them in the log book.

9 b At especially inter-
&0 TM' esting moments, the
N broad band signal
50 150
was recorded on mag-
) 140 netic tape. But an-
) 13 alysis of the tape
is hindered at the
20 20 present time by the
0 ///m technical imperfec-
7 LA N tions of the ana-
1920 2122 22241 2 3 % § §Hour lyzer. 'Moreoye?,
Fig. 31. Standard Distribution_ of Visually due to insufficient
Observable Aurorae .(March 1964) (a) and a sensitivity of the
Standard Distribution of the ULF Signal at recelving antenna
a Frequency of 8 kHz for the Entire Per- at high frequencies
iod (b). and characteristics
of the "Reporter-3"
magnetophones, the signal is weak at _these frequencies. The nature of

the noise in the lower frequency band is _seen_on_a Bgotogpaph of the
noise during an aurora (Fig. 32% obtained on IZMIRA equipment, in-
tended for analysis of whistling atmospherics.

Fig. 32. Sonogram of Auroral ULF Emission.
For the entire 1964 observational period, 6 noise storms and /71
22 isolated bursts were recorded. The spectral density of the sec-

ond type of ULF noise is always higher than in the case of aurorae.
A typical recording of the noise storm is shown in Figure 33.

According to our observations, isolated bursts appear in the
morning and evening twilight when the altitude of the shadow above
the Earth is less than 300 km. From analysis of the data on the
state of the ionosphere at the moment isolated bursts appear, it was
discovered that sharp oscillations of minimum and critical frequencies

8Institute of Terrestrial Magnetism, the lonosphere and Radio Wave
Propagation of the Academy o6f Sciences, USSR (Translator's note).
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of the F, layer and its altitudes correspond to the bursts. In sev-
eral cases total transparency was observed on ionograms, and some-
times the Eg layer also appeared. As a rule, in the F; layer there
is strong diffusion.

One more characteristic peculiarity of ionized bursts is that
they are observed in the case of a quasiquiet geomagnetic field. At
this time the H-component undergoes slight variations with an ampli-
tude of 10-30 y and a quasiperiod of 5-20 min. In recordings of ter-
restrial currents no peculiarities were observed. A characteristic
example of the appearance of isolated bursts, variations of the H-
component of the geomagnhetic field and oscillations of frequencies
of the F, layer and its altitudes are shown in Figure 34, On a ri-
ometer (32 MHz) there are
not even traces of absorp-
tion.

On various oscillation
frequencies, noise ampli-
tudes are not synchronized,
but the shapes of the bursts
are very similar on all
frequencies. Moreover,
the shape of the original
burst is often reproduced
with great accuracy in sev-
eral hours. Sometimes short,
sharp peaks at equal time
intervals (5, 7 or 12 min)
precede bursts lasting 15-

30 min. Low frequency
Fig. 33. Fragment of a Noise Storm "wheezes" are intensely
Recording at a Frequency of 8 kHz. emitted during bursts. The

distribution of signal ampli-
tudes according to duration is shown in Figure 35.

Noise storms appear at any time of the day and are accompanied
by significant geomagnetic disturbances. The distribution of ampli-
tude according to spectrum has two humps, but the amplitude in fre-
quency undergoes rapid variations. With an increase in ilonospheric
absorption, recorded by the ion-sounding station and riometer, the
amplitude of noise always drops sharply but does not completely dis-
appear. Values of the spectral density of noises and flux intensity
for isolated bursts and noise storms are on the same order.

Noise storms continue for tens of hours; isolated bursts usually
less than an hour. The maximum amplitude of the lower band, depend-
ing on the level of the magnetic disturbance, is shifted as with sig-
nals accompanying aurorae. In the case of isolated bursts, no visual-
ly observable aurorae are noted, even with favorable meteorological
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conditions. During noise storms at night, aurorae are usually noted.
Despite the clear difference between the natures of noise storm

processes and isolated nolse bursts as well as the physical phenomena

accompanying them, both these and others evidently are produced by

one cause and have a similar generation mechanism.

We conducted an analysis of
the time of appearance of 55 noise
storms and isolated bursts from the
data of Australian investigators

June June July August,

Beptember

[84, 98]. It proved to be the case July AugustSept,
that thelr appearance is controlled 25 2 fow ne
by a 27-day solar cycle. 'This per- g zzazo l%eﬂ ;'; ;’,ﬁ
lodicity is clearly apparent in 28 74 Lj A iﬁﬂ
Figure 36. After 27 days, not on- g L [zz6l w & 1%
ly is the appearance of isolated 3 ; g "zg gcu ;g
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Fig. 36. 27-Day Cycle of the
Appearance of Isolated Noise
Bursts (1) and Noise Storms
(2) (According to Observa-
tional Results [881).

Fig. 35.

bursts and noise storms repeated, but also the nature of their time
envelope is reproduced.

The daily curve of the appearance of isolated bursts drawn on
the basis of these data has three maxima (Fig. 37). The morning
maximum occurs at 5-6 am, the day maximum at 1 pm and the evening
maximum at 10-11 pm local time. The daily maximum evidently is
caused by the maximum probability of the appearance of noise storms,
and isolated bursts appear at the peak portion of a noise storm
which has not completely ended due to the intense absorption in the
day ionosphere.

In our opinion, one of the possible causes for the appearance
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of noise storms and isolated bursts in the morning, day and evening
may be soft X-ray solar radiation in the 3-8 & range. This ioniz-
ing radiation may be the source of electrons with energies of 1.5-
4.2 keV at altitudes above 120 km. The flux of solar X-ray emission
in this range during No. 2 bursts amounts to 0.02 erg-cm"z-sec‘1
[99]. According to observations on the "Injun-3" [85], the energy
flux of ULF emission at frequencies below 10 kHz amounts to 8:1077

er’g'cm'z-sec‘1
Z
%%, %4447 0777,
AN CAXALUY, %Y,
V) VAN ) vk
VA Vv v v v
2AHY. BUGUUUULDUUAL LU ALY
0 2 &% § &8 wm 122 m o8 20 22

Hour

Fig. 37. Daily Distribution of the Appearance of
Isolated Noise Bursts (According to the
Observations of [84] and [981).

Very valuable from this point of view is the discovery by the
"Kosmos~-5" satellite of electrons with energies of 40 eV-5 keV in
the light upper atmosphere [100]. When the satellite entered the
Earth's shadow, the number of electrons recorded abruptly decreased
and after several minutes before beginning the lighted part of the
orbit. An absence of rapid variations in intensity of the softest
electrons was noted (for 8 sec of continuous recording, the change
in intensity did not exceed 50%). The harder electrons underwent
strong modulation during rotation of the satellite.

A tendency for soft electrons to increase in intensity with
altitude was also noted. TFor altitudes below 500 km, the signal
on the average amounted to 108 el-cm~2:.sec-l.sterad-l, and for al-.
titudes exceeding 1000 km it was u4.108 el-cm 2:sec”l.sterad”!.
The C-index at the time of observation did not exceed 3. During
No. 2 bursts no clear change in intensity was observed. Mulyarchik
[100] assumed that atmospheric photoelectrons which do not success=-
fully come into equilibrium with the surrounding medium are record-
ed on lighted portions of a satellite's orbit. From the standpoint
of energy, a soft electron stream vecorded experimentally is com-
Pletely sufficient for providing the intensity of the second ULF type
observable on Earth.

The third type of continuous ULF (elevated noise background) is
observed after noise and geomagnetic storms. On the basis of obser-
vations in March 1965, it was established that there is a regular
increase in the noise background with a smooth time envelope during
the night hours which does not depend on the state of geomagnetic
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disturbance. A typical recording of the noise background at a fre- /75
quency of 11 kHz is given on Figure 38. In our observations, the

Fig. 38. Fragment of the Recording of an Elevated Back-

ground of Noisy ULF Emission at a Frequency of 11 kHz on
March 5, 1965. '

The Normal Noise Level Is Indicated by Dotted Line; Cal-
ibration Marks Are from an SG-2.

maximum noise intensity at a frequency of 11 kHz had a value of
4.4+10-16 w/m2.Hz (March 15, 1965, 0ohus™, time 135° E), the minimum

bacgground value 1is usually observed by day and amounts to 1.6+10"17
W/m< Hz.

KHz Figure 39 shows the daily
P R curve of ULF bursts at a fre-
I i quency of 11 kHz relative to
2 ” aurorae. Along the ordinate
i 1L axis the number of bursts is
2F T1 plotted in relative units for
l ‘ March, 1965; along the abscissa
i | ‘ the time 135° E. TFTrom 1 AM to
4 I\ 2:30 AM auroral bursts were not
observed. During this period
N U DN HURE DUN TRNEN DU S SO | (1:45) the maximum amplitude of
815 26 2r 2223 2% 1 2 3 ¥ the regular noise background
Hour occurs at a frequency of 11 kHz.
Fig. 39. Daily Curve of Bursts Evidently this is not an acci-
of the Auroral ULF Signal at a dental event. Despite the fact
Frequency of 11 kHz (1) and a that for several days of obser-
Regular Elevated ULF Background vations there were admittedly
in March, 1965 (2). no aurora and the geomagnetic
field was quiet, an elevation of
the noise background was observed each night. On recordings the

noise appears as a "platform" on which the ULF bursts relative to
aurorae appear. After bursts from aurorae an insignificant decrease
in the background level is usually observed.

Analysis of the recordings of the noise level on other fre-
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quencies showed that the noise background at various frequencies
reaches a maximum at different times; i.e., each frequency shows

its own daily curve shifted from that of the neighboring frequency
by a time measured in tens of minutes. At low frequencies the max-
imum background level is reached earlier than at high frequencies.
Absorption bays on a riometer (32 MHz) during the night hours are
only slightly reflected in the behavior of the ULF noise background.
In the morning hours the increase in the ULF level corresponds to
absorption bays, but nonsimultaneous.

Analysis of magnetophone recordings of a broad band signal in
a frequency range from 700-900 Hz leads to the detection of one or
more maxima of ULF radio emission. In [101, 102] the hypothesis is
advanced that cyclotron proton emission is excited at these fre-
quencies. In further experiments we hope to test this hypothesis.

Conclusion

Experimental study of continuous ULFT emission of the upper at-
mosphere and aurorae was begun quite recently and to date it has
been sporadic to a certain extent. In contrast to many other types
of research, in this region there is still nothing similar to serv-
ice coordinated on a world-wide scale. The volume of accumulated
information is insufficient for detailed scientific analysis, and
the nature of available theories 1s still hypothetical. Therefore,
our basic task has been to create the proper, reliably-operating
equipment to develop a method and to make observations with the
object of explaining the characteristics of the emission itself,
and especially to establish causal connections with more thoroughly
studied geophysical phenomena. Achievements along these lines may
be completely summarized as follows.

~
~1
o

(1) Three types of recording equipment were planned, con-
structed and operationally tested:

(a) A multiband instrument permitting signal recording with
a high degree of accuracy in amplitude at several frequencies; this
apparatus produces a high sensitivity and stability but low time
resolution and gives only an approximate idea of the spectrum of a
broad band signal; '

{(b) A broad band instrument for magnetophone recording with
subsequent laboratory analysis does not make it possible to simply
evaluate the absolute values of the signals, has a high time resolu-
tion, permits obtaining accurate data on the spectrum, but has the
substantial drawback that 1t cannot operate continuously;

(c) A patrol instrument representing a single-band receiver

at 4 kHz with a recorder; it is simple and reliable in use and
provides a true concept of the level of ULF disturbance.
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(2) The conditions under which observations may be made are
clarified; the influence of network, spark-like and blizzard inter-
ference and interference from longwave radio stations is studied:

a means for decreasing their influence is found.

3. A classification of continuous ULF was made, basically cor-
responding with that commonly accepted by other authors.

4, It was found that one of the types of radio emission is a
combination of short bursts, often with a smooth increase in the
amplitude of maxima in the night, evening and pre-dawn hours. It
is connected with the presence and activity of aurorae with a mod-
erate small absorption in the ionosphere. Amplitudes are small and
moderate.

Another type is characterized by great amplitude values and
has a smoother envelope. The so-called isolated bursts and noise
spots are referred to here. Isolated bursts have a clear tendency
to appear at altitudes of 120-250 km at the time of sunrise or sun-
set when the magnetic field is quiet and there is no ionospheric
absorption. Amplitudes of isolated bursts have approximately equal /77
levels and always show a sudden increase in the signal, then an al-
most even plateau and a smooth decrease to the undisturbed level.
Noise storms have different amplitudes and different duratiomns (up
to days), but are observed with a disturbed magnetic field and often
with the presence of substantial ionospheric absorption.

The third type is an elevation of the normal background level;
usually it 1s observed as the consequence of intense noise storms
or magneto-ionospheric disturbances, and they last from several
hours to several days. Also, a regular elevation of the background
with a maximum in the night hours exists. The envelope is complete-
ly smooth and the amplitude comparatively small; it is observed
under conditions of moderate or low absorption according to riometer
data.

(5) In our opinion, the first stage is connected with the emis-
sion of fast electrons producing aurorae. The region and mechanism
of generation are unclear.

The second type is connected, in our opinion, with photoelec-
trons which are formed by solar ray emission. Isolated bursts are
evidently formed under the action of X-ray emission from high-temp-
erature regions of the solar corona under conditions of an undis-
turbed, weakly absorbing ionosphere at sunrise and sunset at ionos-
pheric altitudes and noise storms by X-ray emission from bursts.

Under conditions of a quiet field, photoelectrons may exist
several days as captured radiation above the same region of the
Earth's surface, since their azimuthal drift is very small (energy
2-4 keV). Isolated bursts may also be the result of microbursts
not causing substantial disturbances in the ionosphere and magnet-
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ic field.

To give any explanation to the third type of emission is still
difficult; however, it is clear that this is not thermal emission
of the ionosphere heated during strong disturbances. The difference
in the time of appearance of the maximum amplitude of the regular
background noise at various frequencies may evidently be explained
by the course in time of the change in hardness of electrons respon-
sible for excitation of this type of emission.

Ultralow frequency emission 1s closely connected with processes
of energy exchange between electrons and collisionless plazma, and
therefore after this is studied, it may be converted into a power-
ful instrument for the investigation of phenomena in the upper at-
mosphere of the Earth.
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